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The radio echo from the head of meteor trails 
I. C. Browne and T. R. KaAIser 


Jodrell Bank Experimental Station, University of Manchester 


(Received 6 May 1953) 
ABSTRACT 


A theoretical account in terms of familiar diffraction theory is offered in explanation of a type of radio 
echo, apparently originating at the moving head of a meteor trail, which is sometimes observed in 
addition to the well-known specularly reflected echo. No assumptions are invoked beyond those com- 
monly accepted as necessary to explain the speculary reflected echo. The theory predicts intensities of 
head echoes in agreement with observation, and also predicts that the intensity of the head echo relative 
to that of the specularly reflected echo should be proportional to the radio wavelength and .inversely 
proportional to the difference in range between the two echoes. It is suggested that other anomalous 
meteor echoes may arise from discontinuities associated with visual flares. 


It is well known that besides the specularly reflected, or “‘body,’ echo from a 
meteor trail, a short duration echo is sometimes seen, apparently originating at 
the head of a dense trail and moving with the velocity of the meteor [1], [2], [3], [4]. 


Fig. 1. The geometrical conditions for the formation of an echo from 
the head of a meteor trail 


Its intensity increases with the radio wavelength. Mi~~mMan and McKINtey [1] 
have attributed this ‘‘head”’ echo to ionization produced by ultra-violet radiation 
from the incandescent meteor. An echo arising in this manner, however, should 
persist for longer than is usually observed, while it is difficult to see how sufficiently 
intense ultra-violet radiation could be produced by the meteor. The purpose of 
this note is to propose a simple theory to account for the head echo in terms of 
well-established properties of the ordinary meteor trail. / 
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Suppose the meteor trail, at any instant, to consist of a narrow, semi-infinite 
column of ionization and to be illuminated by a radio pulse of duration 7’. Let 
the perpendicular from the observing station S (Fig. 1) meet the trail at the point 
O at range Rp, and let P be the instantaneous position of the meteor at range R,. 
Then an elementary condition for the observation of a separate head echo is that 
4cT < (R, — R,), where c is the velocity of light. 

At any instant, part of the trail will be illuminated, and an echo will be 
obtained only if: (a) the phase of the instantaneous oscillations of the electrons 
induced by the incident wave varies only slowly with distance along the trail 
(condition of stationary phase), or: (b) the reflection coefficient changes abruptly 
with distance along the trail. 





Fig. 2. Vector diagram representation of a head echo. 
The phase angle ¢ increases with clockwise rotation 


The case (a) represents the condition under which the body echo is obtained 
from a region of the trail of length ~(R,A)* (A = wavelength) surrounding the 
point O. 

Case (b) represents the condition for the return of an echo from the head of 
the trail, or from discontinuities which may arise at points on the trail. 

The intensity of the head echo may be estimated as follows. When the meteor 
is at a distance / from O (Fig. 1) the wave scattered towards the receiver from an 
element of the trail distance y from P differs in phase from that scattered from 
P itself by ¢, where 

d = 4nly/AR, 


Thus ¢ varies linearly with y. If the amplitude of the wave scattered from the 
element of length dy be F(y)dy, the total amplitude of the head echo A, is given by, 


A, =| f Fy) exp (j¢)dy | 


The form of F(y) depends upon the shape of the transmitter pulse. Since the time 
of rise and decay of this pulse must occupy several radio-frequency cycles, F(y) 
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will fall to zero over several full period variations of ¢. The integral in the expres- 
sion for A, may thus be represented by the vector diagram of Fig. 2, A, being 
given by the closing vector of the spiral. 

Hence, 


A, = }F| f (Byala) exp (jd)d| = R,AF/4al 


where F = F(0) is the value corresponding to the peak of the transmitter pulse. 
The amplitude of the body echo from a meteor trail of the same line density 
may be shown to be 
A = F(RA/2)t (LovELL and Cuizae [5]) 


Thus the ratio J,/J of the intensity of the head echo to that of the body echo which 
would be obtained from a trail of the same line density at range R, is given 
approximately by 

,/I = 4/162?d 


where d = R, — Ry, and may be neglected in comparison with 2R,. Values of 
I,/I are given in Table 1. 
Table 1 


d/A 10 102 108 104 108 
10logiy (14/1)  —32 —42 —52 —62 —72 dB 


This variation in intensity is similar to that found in the shadow zone of a straight 
edge diffracting a cylindrical wave front. 

So far we have assumed that the reflection coefficient falls abruptly to zero 
at the head of the trail. The electron line density in trails giving an observable 
head echo must be greatly in excess of 10!2cm~-!. For such trails diffusion will 
cause the reflection coefficient to increase with distance along the trail from the 
head, at a rate depending upon the velocity of the meteor and the ambipolar 
diffusion coefficient [6]. This effect will tend to reduce the head echo. However, 
taking account of the heat liberated in the column by the passage of the meteor, 
the initial rate of radial diffusion may be considerably greater than the average 
rate over the lifetime of the body echo, and simple considerations show that the 
consequent reduction of the head echo will certainly be less than 5 dB. 

The above results may be compared with the observations of MILLMAN and 
McKiniry. We will take as an example the Lyrid Meteor II, of reference [3], 
which exhibits a pronounced receding head echo. The radiant elevation is given as 
6°, and the range difference between the body echo and the point at which the head 
echo vanishes is 70004. Hence, from Table 1, 10 log,, (J,/7) = —60 dB. Using 
the theory of Kaiser and Cxoss [6] we find that the electron line density required 
to produce a body echo 60 dB above the noise level is of the order of 10!§ cm-, 
and so we may take this as the line density at the head of the trail at the instant 
when the head echo becomes undetectable. However, this value of line density 
may not be that appropriate to the part of the trail returning the body echo, 
because the ionization produced by a meteor varies with height. It is probable 
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that the meteor was producing its maximum ionization near the point where the 
head echo vanished. This point was 13 km lower than that giving the body echo, 
and by using HERLOFSON’s expression [7], which gives the variation of meteor 
ionization with pressure, it can be calculated that the line density appropriate 
to the body echo must have been of the order of 10!° cm~1. This value is consistent 
with the 8 sec duration of the body echo if the ambipolar diffusion coefficient is 
about 10° cm? sec~ [6], i.e. if the body echo originated at a height of about 110 km. 
Thus the height of maximum ionization was probably about 97 km, a reasonable 
figure for such meteors. 

Similar results are obtained when the theory is applied to other meteor echoes 
described in references [1], [2], [3]. In a very few cases the main echo is not 
observed. This would occur if the line density at point O were of the order of, 
or less than, 10'? em~ (in which case O would be near either the beginning or the 
end of the trail). The resulting echo duration would then be considerably less 
than one second and might not be resolved on the range-time display. 

The rate at which meteors exhibiting head echoes are observed will depend 
critically on the sensitivity of the radio equipment, because, for very dense trails, 
the echo amplitude increases only as the fourth root of the line density [6]. For 
instance, if the equipment sensitivity were some 10 dB greater than that used by 
MILLMAN and McKIntey, a head echo such as that described would be observed 
from a trail producing only 1014 electrons per cm. 

The results of the theory proposed here may be summarized thus: the intensity 
of the echo from the head of a uniform meteor trail relative to the body echo 
should be proportional to the radio wavelength A, and inversely proportional to d, 
the difference in range between the two echoes. The relative intensity will 
depend also upon the variation of electron line density along the trail. A corollary 
is that additional, stationary, echoes may be produced by bursts of ionization 
associated with the visual flares observed along the trails of very bright meteors. 
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Rotational temperatures of auroral nitrogen bands 
W. PETRIE 


Radio Physics Laboratory, Defence Research Board, Ottawa 
(Received 20 October 1952) 


ABSTRACT 

Auroral spectrograms of dispersion 42-28 A/mm have been analyzed with a recording microphotometer 
Rotational temperatures were determined from the profiles of Vegard-Kaplan and Negative Group 
nitrogen bands, and found to be in the range 450-750°K. It now appears that spectroscopic, rocket, and 
radio results, are in reasonable agreement. 


INTRODUCTION 


Although the various determinations of the temperature of the atmosphere up to 
the auroral layer are in fair agreement, this is not the case in the layer itself. 
The particle densities (HAVENS, 1952) in the height range 100-160 km as deter- 
mined from rocket flights, indicate temperatures of 240°K and 570°K at these 
levels. Radio measurements (APPLETON, 1937) point to still higher temperatures 
in the F, and F, layers. In contrast, there are the extensive measurements of 
rotational temperatures by VEGARD and colleagues which have been summarized 
in HAaRANG’s recent book (1951). The mean rotational temperature of the N.G. 
N+ bands appears to be of the order of 230°K. A slightly lower value has been 
found by Vecarp and KvirTeE (1951) from the analysis of a recently secured higher 
dispersion spectrogram. Spectra of sunlit aurora and of the summits of auroral 
rays appear to yield temperatures of the same order (HARANG, 1951). The dis- 
crepancy between these latter results and the rocket and radio measurements is a 
serious one, and must be removed or explained in a satisfactory manner. This 
paper discusses some recent determinations of rotational temperatures from 
moderate-dispersion auroral spectrograms. 


THE OBSERVATIONAL MATERIAL 


The spectrograms on which this discussion is based and the instrument used to 
secure them, have been described elsewhere (PETRIE and SMALL, 1952). The plates 
selected for a study of rotational structure were obtained from the second and third 
orders of the grating, the dispersions in these orders being 42 and 28 A/mm 
respectively. From these spectrograms the rotational temperatures of the Negative 
Group, Vegard-Kaplan, and First Positive Group Nitrogen bands may be estimated. 


(a) Vegard-Kaplan Bands 

This band system arises from the transitions *X,* —12Z,+ and being forbidden, 
should give a reliable value for the temperature of the region from which the 
emission arises. Regardless of how the molecules enter the excited electronic 
state, the lifetime of this state is sufficiently long to ensure that rotational equili- 
brium is established. 
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One method of estimating the temperature is as follows. The intensity of a 
rotational line may be written’ as, 


1 = cvt§e BEE + DMT _ cytSen ar RR'+)) (1) 
The frequency factor v4 varies little within a band and may be neglected. S is the 
“line strength” factor, B’ the rotational constant of the upper state, K’ the 
rotational quantum number of the upper state, and 7’ the temperature. In the 
case of the Vegard-Kaplan bands the P and ’Q branches overlap, and the S values 
of the two branches add together. According to ScHLAPP (1937) the value of S 
is (K” + 3/2), K” referring to the lower 1X state. Then, 

— ES eR R'+1) 


I=c(K"+%)e T (2) 
Since K” = (K’ + 1) for the P and ’Q branches, 


ae B’K'(K’ +1) (3) 


I =c(K' + $)e 


I 
At the maximum of the band = = 0. Forming this derivative from (3) and 


solving for 7’ we find, 
T = 1-44B’(2K’ + 1) (K’ + 5/2) (4) 
The lines of the P branch may be represented by the formula 
(» — ») = —(B’ + B')K" + (BY — B')K" 
Substituting the constants of the (1,11) Vegard-Kaplan band, 
(v — v9) = 323K” — 0-37K"? (5) 


The distance from the zero gap v, to the maximum of the P branch of the (1,11) 
band appears to be of the order of 14A or 103 cm-!. From (5) the corresponding 
kK” value is 13; hence K’ = 12. Then from (4) 7’ ~ 750°K. The mean tempera- 
ture derived from five Vegard-Kaplan bands.in the wavelength range 3400-3800A 
is 850°K. These results have already been reported (PETRIE, 1952), and refer to 
the spectrum of an intense auroral display which occurred on February 23, 1952. 

The figures quoted here are preliminary and it is very. desirable that denser, 
higher dispersion spectra of the Vegard-Kaplan bands be secured. Nevertheless, 
the plates examined show the rotational structure clearly, and the profiles of the 
bands cannot be reconciled with temperatures of the order of 230°K. It is worth 
noting that the spectrograph was pointed near the summit of the visible aurora 
during the exposure, and was likely receiving radiation from heights considerably 
above 100km. Furthermore, the greater than normal intensity of the Vegard- 
Kaplan bands in this spectrogram suggests that the radiation originated at higher 
levels. Fig. 1 shows the (1,11) and (2,12) bands. 


(b) First Negative Bands 


This system arises from the transitions *2,+ — #2,+. With moderate dispersion 
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Fig. 1. (1,11) and (2,12) Vegard-Kaplan bands. 





= 


Fig. 2. (0,0) Negative Group band. 
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each band shows a single P and R branch; overlapping Q branches of low intensity 
may be neglected. The R branch extends to shorter wavelengths and the rota- 
tional structure may be seen. The spectrograms discussed here have sufficiently 
high resolution to show the alternate weak lines of the R branch. 
According to MULLIKEN (1931) the S factor of the R branch lines is 
S = i i ee and since J’ = (J” + 1) for the R branch, S ee 
co ae Evite CLES . ae 
Each line is an unresolved doublet with J’ values J’ = (K’ +4) and 
Kk’? + K’ K’? — K’ 2K’ — K’ 
or 1 Me = : om 9 and (S, + S,) = ne 
For our purpose a satisfactory approximation is to write S = 2K’. Then, 


J’ = (K’ —}), Hence 8, = 


1-44B’ _,, 
T Leo cv42K’e gp K(k +1) 


so 5k oda 
Forming the derivative TK” and equating to zero we find, 


T = K'(2K’' + 1) 1-44B’ 
The formula for the R branch is, 
(v — v9) = 2B’ + (3B’ — B’)K" + (B’ — B")K" (8) 


Substituting the values of the rotational constants gives the following expressions 
for the (0,0) and (0,1) bands. 


(0,0) (v —v9) = 4:2 + 43K" + 0:15K"2 (9) 


(0,1) (v — v9) = 4:2 + 4:4K” + 0-18K"? (10) 


A few of the sharpest plates were selected and analyzed with a Jarrell-Ash record- 
ing microphotometer. A picture and a trace of the (0,0) band at 3914A are shown 
in Figs. 2 and 3. The resolution is such that the intensities of a number of the 
individual lines may be determined, and it appears that the position of the intensity 
maximum is ~59 cm~! from the zero gap. From equations (9) and (7), K” = 10, 
k’ = 11, and T ~ 750°K. Even if the maximum is displaced two lines towards 
the zero gap, the wave-number difference between this line and the zero gap is 
47cm-!, and 7 ~ 500°K. The temperature range determined from the (0,1) 
band at 4278A was 500-600°K. 
From (6) it can be seen that, 


-44 
log = = loge — ~=* B’K'(K’ + 1) (11) 


I 
Hence, by plotting the factors log ra and K’(K’ + 1), the temperature may be 


determined from the slope. The J factors were obtained by converting the profiles 
of the lines on the microphotometer tracings from a logarithmic to a direct intensity 
scale, and them measuring the areas with a planimeter. On the other hand, since 
the individual rotational lines are very narrow it is satisfactory to use the central 
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intensity of each line as a measure of its total intensity. The spectra were secured 
with an instrument which used a step-slit, and each spectral feature acts as a 
source from which the “characteristic curve’’ of the emulsion may be determined. 
Plots were made using both central intensities and total intensities for the J 
values, and the derived temperatures were in the range 450°-700°K. 
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Fig. 3. (0,0) Negative Group band Fig. 5. (5,2) First Positive Group band 


The question now arises, why is there a serious discrepancy between these — 
results and those of VEGARD and his collaborators? The method used is quite 
straightforward, and the error involved in the temperature determination is much 
smaller than the differences between the two sets of results. As far as the writer 
can judge from VEGARD’s recent paper (1951), the latter has picked out the portion 
of the band corresponding to the smallest microphotometer deflection, and has 
called the line at this point the one with maximum intensity. But underlying the 
lines in this portion of the band there is a continuous spectrum due to convergence 
of the rotational lines and possibly due to the presence of the (3,6) Second Positive 
Band (PEerRIz and SMALL, 1952). If the background is caused by a foreign band, 
then it is the blackening of the line relative to the background, rather than the total 
blackening which determines the line intensity. If the background is caused by the 
overlapping of rotational lines, the relationship between true and measured intensity 
is complex, and the interpretation of the profile of this region of the band must be 
treated with caution.* Hence the relative intensities of the lines well away from the 
head should give the best indication of the temperature. The spectra analyzed by 
the writer are of relatively high resolution, the dispersion being in the range 





* The writer wishes to thank Dr. A. H. DoucGuas of the National Research Council of Canada for 
discussions on this point. 








Fig. 4. First Positive Group bands 
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42-28A/mm, and it was possible to measure the intensities of individual lines. 
This has not been done in the past. It is worthwhile noting that the profile of the 
(0,1) band at 4278A appears similar to the illustrated profile (HERZBERG, 1950) at 


a temperature of 673°K. 


(c) First Positive Bands 

These bands, from the transitions 37, — *X,,+ are very complex, and are poorly 
resolved in the spectra discussed here. As can be seen from Figs. 4 and 5 each band 
consists of three sharp regions and three diffuse regions. Each of these regions 
includes several branches. Since the line structure of these bands cannot be 
resolved, only a rough estimate may be made of the rotational temperature. 

The ‘‘line strength’ factors depend upon whether the coupling approaches 
Hunn’s cases (a) or (b). Naup# (1932) has shown that the coupling is according 
to case (a) for small rotational quantum numbers, and approaches case (b) for 
larger quantum numbers. “Line strength’ factors have been given by NoLan 
and JENKINS (1936) for both cases (a) and (b). The simplest part of one of these 
bands is the diffuse region to the long wavelength side of the first strong head and 
this region consists of the branches °Pj,, °Q,3, °P23, and * P,3, the latter branch 
being weak compared with the other three. If we substitute the “line strength”’ 


dl 
factor in the intensity equation and form the derivative Tk’ > 0, then it appears 


that for each of the first three branches given above an approximate expression 
is T = J'(2J’ + 1) 1:-44B’. From the apparent position of the maximum of the 
region referred to, the writer judges that the temperature is 350°K. The accuracy 
of this figure is not comparable to the temperature values derived from the other 


band systems. 


CONCLUDING REMARKS 


In view of the fact that the results quoted here contradict earlier spectroscopic 
investigations, it is important that additional observations be made with higher 
resolution equipment. Several spectrographs now under construction will be 
adequate for a careful study of the rotational structure of auroral bands, and a 
definite decision regarding spectroscopic temperatures should soon be reached. 
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ABSTRACT 

Results of virtual height versus time vertical incidence pulse recordings, obtained on 150 Ke/s, are 
presented and discussed. Monthly median values of the reflection heights are shown in a series of graphs. 
The coupling echo, predicted by current wave theory, is definitely shown to exist. The results of measure- 
ments during undisturbed and disturbed days are discussed. It is concluded that one form of echo 
regularly noticed during magnetically disturbed nights must be due to one type of sporadic EZ. Recorded 
groups and phase heights are compared and the differences checked against those predicted theoretically. 
Finally, the results are given of a preliminary investigation of the effects of solar flares. 


INTRODUCTION 


Low frequency vertical incidence pulse soundings of the ionosphere have been 
underway at this Laboratory since 1949. The part of the work dealt with in this 
paper is the recording and interpretation of virtual height versus time. The experi- 
mental work considered covers the period January 1950—April 1952. 

Due to various reasons, we have not been able to obtain a complete coverage of 
data for this period. As far as the normal behaviour of the lower E-layer is con- 
cerned, this paper, therefore, will discuss results obtained during the following 
months: January 1950; February, March, August-December 1951; and January- 
March 1952. Most of the recordings obtained during the entire period can, however, 
be used for investigations of special phenomena; for example, the behaviour of 
the H-region during disturbed conditions, solar flare correlations, sunrise 
phenomena, etc. The paper also gives a survey of the information hitherto obtained 
on these questions. 

Results of low frequency virtual height soundings using the pulse technique 
have been reported earlier by HELLIWELL (1950, 1952) and BLatr, BRown and 
Watts (1950, 1951, 1952). Some of their results will be compared with those 
obtained in this paper. 


GENERAL Discussion CONCERNING THE RECORDS AND THEIR 
INTERPRETATION 


For this recording programme we have used the conventional method of transmitting 
a short pulse of radio frequency. The direct or ground pulse and the pulses reflected 
from the ionosphere are picked up at the receiving site, detected, applied as 
intensity modulation on a cathode ray tube, and photographed on moving film 
in a conventional manner. 


* The research reported in this paper has been supported by the Geophysics Research Division of 
the Air Force Cambridge Research Centre under Contract AF19(122)-44 and by the Department of 
State under Contract SCC-2680. 

t On leave from the Chalmers University of Technology, Gothenburg, Sweden. 
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This system has certain limitations when applied to a low frequency carrier 
frequency; namely, the problem of obtaining a sufficiently steep leading edge and 
short duration of the transmitted pulse. By using some compromises a satisfactory 
solution has been found, the resulting transmitted pulse, approximately Gaussian, 
having a risetime corresponding to between five and ten kilometres virtual height 
and a total duration of about 350 sec. 

Our main interest in the present work is to study the fine structure of the 
lower region of the ionosphere; that is, we should be able to measure the recorded 
virtual heights of reflection within a few kilometres. When recording a transmitted 
pulse of the above-mentioned shape, we may choose between one of two methods. 
One method is to preserve the shape of the ground pulse and the echoes throughout 
the receiver. The virtual heights can then be found very accurately by scaling, 
for example, from the peak of the ground pulse to the corresponding peak of the 
echo. This method has been discussed in a recent paper by WHALE (1951). The 
other method of accomplishing the same degree of precision is to utilize a limiting 
amplifier in the video stages of the receiver. The records can then be scaled from 
the leading edge of the ground pulse to the leading edge of the echo. For the sake 
of simplicity we have chosen to use the latter system. The few disadvantages, 
for example the tendency of giving too high readings for very weak echoes, can 
easily be overcome by careful scaling. 

It is also necessary to include a differentiating circuit in the video amplifier. 
This makes it possible to, within certain limits, record the closely spaced split 
echoes which appear quite frequently on the night-time records, as discussed later 
in this paper. 

A series of sample records illustrating most of the phenomena observed appear 
in Figs. 1-3. These are direct recordings obtained by the movement of a suitable 
photographic paper past an image of the recording oscilloscope trace. Time 
increases from left to right for each record and is in local mean solar hours as 
indicated under each interruption of the record which is used as a time marker. 
Equivalent height increases vertically, the bottom solid trace being the direct or 
ground pulse while solid traces above this are ionospheric echoes. The thin, 
uninterrupted, horizontal lines are height marker traces. These are spaced 10 
kilometres virtual height apart. In scaling these records it is necessary to add 
4 Km to account for the transmitter-receiver separation of this amount. The 
interpretation of these records is discussed in a following section. 

As far as routine scaling is concerned, the same principles as those inter- 
nationally accepted for scaling equivalent height versus frequency records have 
been used. These are summarized in, for example, the C.R.P.L. publication, 
“Tonospheric Data, Series F’’*. 

In order to obtain average monthly values for the heights of the H-layer 
reflections, we have used the system of computing median values. We have 
considered the part of the H-layer we are interested in, namely, the bottom, as 
regular in its diurnal behaviour as the higher parts of the layer. However, as will 
be discussed later in this paper, the night-time H-layer may be much more irregular 


* “Tonospheric Data, Series F,’’ issued by C.R.P.L., Nat. Bur. of Stand., Washington D.C., January 
and February, 1952. 
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in its behaviour than the daytime layer, especially during magnetically disturbed 
conditions. 


THE DIURNAL VARIATIONS OF THE EH-LAYER REFLECTIONS UNDER 
UNDISTURBED CONDITIONS 


Before discussing the experimental results regarding the diurnal variations of the 
E-layer reflections at 150 Ke/s, let us briefly summarize certain theoretical work 
which has appeared in earlier publications from this Laboratory (G1BBoNS and 
NERTNEY, 1952a, b). These consider the wave equations for the two magneto- 
ionic components, 7, and 79, 


77" + (kore, - M?)n, = —7,M’ iii: 274’ M 


TT." + (ke. + M*)r, = —7,M’ sada 2n,'M = 


, 


where WM = : a , is the coupling factor and w is the polarization of the wave as 
—uU 


discussed in detail in the references. A set of certain models of the electron distri- 
bution and the collisional frequency in the height range of interest, in the E-layer, 
are assumed. It is shown that, for the frequency of interest, there should result 
in two returned echoes, under suitable conditions, originating in the vicinity of 
the 300 and 3000 electrons/em* points in the H-layer. The signal returned from 
the 300 el/em* region is shown to be mainly due to the coupling factor terms in 
Eq. (1). We will call this region the coupling region. The high collisional frequency 
at this level prevents the existence of reflection conditions during daytime hours. 
During the night, the height of the 300 electrons/cm? level increases, taking this 
region into a lower collision level. As shown in the references, this increases the 
coupling effect with consequent reflection from this level. 

The other electron density of interest is the region where N = 3000 
electrons/em’. Here the conditions for reflection of one of the magneto-ionic 
components is fulfilled. This region will, therefore, be referred to as the main 
reflection region. We will, in general, refer to the signals from these two levels as 
coupling echo and main reflection echo. 

It should be emphasized that this theoretical work, since it is based on the use 
of continuous waves, does not account for the dispersive properties of the medium. 
An extension of a portion of this work to include the dispersion of the medium 
appears elsewhere, Davips (1952). This will be referred to later in this paper. 

Returning now to Figs. 1-3, an inspection of the group height records shows 
that the occurrence of split echoes is very common during certain hours of the 
day. See, for example, Fig. 2B. From the beginning of the record up to about 
2330 LMST, we can only distinguish one single first and second hop echo. From 
2345-0215 we can very definitely observe two first hop echoes, the centre traces. 
The separation between the echoes and their respective amplitudes, estimated 
from the width of the traces, are varying somewhat with time. At 0215, the upper 
of the split hop echoes decreases in height by about ten kilometres and the lower 
echo disappears. This condition lasts up to about 0340, when the echoes once 
more separate and remain separated until sunrise is reached at about 0640. This 
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latter part of the record, an hour or so before sunrise up till sunrise, is very typical 
for most nights. The two types of echoes just described are believed to be what we 
earlier have referred to as main reflection and coupling echo; the latter being, of 
course, at the lower height under conditions of splitting. 
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Monthly median 150 Ke/s vertical incidence equivalent heights vs. diurnal time. 
A. Monthly median values for all available data. 


B. Monthly median values for days with no significant magnetic 
disturbance (half-day K-index of Cheltenham, Md. < 4). 


In Fig. 1A is depicted another type of night-time record. This record 
characterizes a, magnetically, very quiet night. We observe, mainly, one single, 
continuous first hop echo throughout the whole night. There is very little indication 
of height changes in the layer and split echoes are difficult to detect. However, 
there are some split echoes present during the later part of the night. The reason 
why these cannot be recorded as two separate echoes is, as mentioned earlier in 
this paper, the width of the ground pulse. When the main reflection and coupling 
levels are separated by less than about ten kilometres, it is very difficult to record 
them as two separate echoes. The coupling echo will only manifest itself as a 
downward extension of the main reflection echo. But as, in general, the coupling 
echo shows more variations in amplitude than the main reflection, this provides 
a means for detecting both components during the early morning hours. 

Finally, in Fig. 1B is illustrated a daytime record. This record shows a single 
reflection throughout the day with no sign whatsoever of a coupling echo. The 
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interruption of the echo during the interval 1049-1155 LMST is, as explained in 
a later section of this paper, caused by a solar flare. Normally, at this time of the 
year, we would expect to observe an echo continuously throughout the whole day. 

In the routine scaling of the records, we have been mainly interested in establish- 
ing a definite proof for the existence of the two above-mentioned reflections from 
the H-layer and also to find their diurnal and seasonal variations. The monthly 
median heights of reflection for both echoes have been computed and are shown in 
Fig. 4. These graphs definitely establish the existence of the two reflecting regions 
during the early morning hours. The theory also predicts the greatest separation 
' of the echoes, and the strongest amplitude of the coupling echo, at low critical 
frequencies and increased layer heights, a condition which is most likely to exist 
in the early morning hours. 

A closer inspection of the diurnal heights of the coupling level reveals that, on 
some months, the median virtual heights of the coupling echoes are greater than 
the corresponding median heights for the main reflection echoes. This condition 
indicates that our method of determining median heights must, on occasion, be 
in error. As a method of tracking down this error, all magnetically disturbed days 
during these months were selected and excluded from the computation. The 
computed median values of the reflection heights using only undisturbed days are 
also plotted on Fig. 4. However, as the Figure shows, we still have occasional 
cases where the median height of the coupling echo exceeds the height of the main 
reflection echo. The reason for this must, therefore, be sought in the number of 
the individual values used for computing a median value. In this work we have 
considered five or more values as satisfactory for computing a median value. 
This is definitely justified for the daytime echoes. But the abnormal behaviour 
of some of the night-time median plots indicates that the H-layer at that time is 
very irregular. It would, therefore, be preferable to consider a median value based 
on less than five values as unacceptable, as also has been done in this paper. But 
a value based on five-nine values should be considered as questionable, instead 
of certain as we have done. However, the error introduced by accepting less than 
ten values as giving a good median value is, in general, probably not too great. 

In Table 1 below we have listed some typical heights for different quantities. 
It is very interesting to note, for example, that the median virtual height of the 
coupling region is almost constant throughout the year, ranging between 93 and 
96 kilometres. This height will very closely correspond to the bottom of the night- 
time E-layer. A comparison with the smoothed noon values of reflection heights 
gives about the same heights; the noon values being slightly lower, the difference 
varying from zero to seven kilometres. 

We have considered two different height values for noon (A and E). The 
reason for this is quite obvious if, especially, the latter, and more reliable, data of 
Fig. 4 are examined. Inspection of the various monthly plots shows that the main 
reflection first decreases in height from sunrise up to an hour or so before noon. 
Thereafter, centred near noon, we can see, on most of the monthly plots, a very 
definite tendency of increasing height. This increase reaches a maxtmum somewhat 
after noon, after which the reflection height starts to decrease. However, the 
decreasing part of the curve is not so pronounced; it merely merges into 
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An interpretation of vertical incidence equivalent height versus time recordings on 150 Ke/s 


Table 1. Various heights as deduced from the monthly median plots. All heights are given in 
kilometres. Numbers in brackets are considered doubtful because of lack of sufficient data. 





: Jan. 1950 | Feb. 1951 | Mar. 1951 || Aug. | Sept. | Oct. | Nov. | Dec. 
Height (km) Jan. 1952 | Feb. 1952 | Mar. 1952 || 1951 | 1951 | 1951 | 1951 | 1951 





. Smoothed Noon 90 92 (95) (94) | (94) 93 92 88 
Value 90 91 92 


. Night Peak Main 104 111 107 107 109 
Reflection 108 110 110 


. Smoothed Night 93 96 95 
Coupling 94 93 


. Smoothed Night 
Main Reflection 
(Max. Value) 


. Maximum Value 
Noon +1 Hour 


B-A 
































the expected afternoon increase of the reflection height. Since the possible errors 
involved in the determination of the reflection height, as discussed earlier in the 
general discussion, have positively been removed in the scaling procedure, we are 
forced to accept this increase in noon height as real. The most likely explanation 
is to attribute the increase to an extra retardation in the D-region. We have, 
therefore, listed in Table 1 both the maximum median height recorded near noon, 
E, and the smoothed median height at noon, A. The latter height was determined 
by plotting the best smooth curve through the daytime data, excluding the part 
near noon. This curve should, therefore, correspond very closely to the changes in 
the E-layer. We can see from Table 1, E—A, that the extra group retardation, 
possibly introduced by the D-layer, is of the order of three to five kilometres. 
It is indeed very unfortunate that we are unable to obtain values for the period 
April—July due to the lack of system gain. This information should be very 
valuable, especially for establishing seasonal trends. 

The very abrupt decrease in reflection height near sunrise is characteristic 
-for all months. This problem has been studied in detail by the author elsewhere 
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(1952). No further discussion of this phenomenon should, therefore, be necessary 
at this time. 

A comparison of the median curves obtained for the same months in different 
years shows a very close correspondence. The median values for January 1950 
and January 1952, for example, are identical within a few kilometres. This, 
perhaps, can be taken as an indication that solar activity has less influence on the 
ionization near the bottom than at the maximum of the L-layer. 

As mentioned earlier, it has been shown (Davips, 1952), that the effect 
of the dispersion in the medium for our pulse signals would be, under certain 
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Fig. 5. Comparison between the diurnal variations in group and 
phase heights on 150 Ke/s for a typical day. 





conditions, to increase the time delay of the main reflection echo. That is, increase 
the group height compared to the phase height. As indicated in the reference, 
the maximum time delay is to be expected at low E-layer critical frequencies. 
Efforts have been made to verify this theory by comparing group and phase 
height records. The phase height records have been obtained by R. E. JonzEs 
of this Laboratory. His recording programme is to be described elsewhere at a 
later date. 

In Fig. 5 is shown one of the representative diurnal phase height records together 
with the group heights for the same day, 23 December 1951. As the phase height 
recordings only give changes in phase height, and not the absolute phase height, 
we must match the two records at one point. This was done at the point during 
daytime where both records showed the lowest height. We, consequently, assume 
negligible difference in phase and group height at that time, a procedure which 
appears to be valid in view of Davip’s paper. It can be seen from this Figure how 
changes in group and phase height correspond throughout the day, the relative 
difference in the two heights being of the order of three to four kilometres 
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immediately after sunset when the corresponding E-layer critical frequency probably 
is fairly low. This difference decreases at a fairly fast rate during the hours 
immediately following sunrise, the difference in height being of the order of one 
kilometre near noon. This behaviour checks very well with the predicted values 
given in the paper by Davins already referred to. Also, the night-time behaviour 
gives differences of about the same order of magnitude as those predicted. 

The only part of the phase-height records that has to be considered as doubtful 
in this example is the part from 0245 to 0715. During this time an increase in 
group-height corresponds to a decrease in phase-height. However, as the group- 
height record shows, coupling reflections were present immediately preceding this 
interval. The recorded phase-heights are, therefore, possibly contaminated by 
the coupling reflections. It is, consequently, impossible to estimate the maximum 
difference in phase and group height in this interval. It would appear to be of 
the order of eight kilometres. 


THE REFLECTIONS ON 150 Kc/s Durtnac MaGNnetTIcALLY DIsTURBED 
CONDITIONS 


It has been found during this recording programme of virtual reflection heights 
versus time on 150 Ke/s that there is a considerable difference between the 
behaviour of the H-layer during a disturbed and an undisturbed night. This fact 
is in contrast to the behaviour of the daytime layer for the two conditions. Here 
the only difference during a magnetic storm is an increase in daytime absorption 
with no significant change in the shape of the h’ — t curves when compared with 
a preceding undisturbed day. 

Records obtained during disturbed nights are characterized by a very irregular 
behaviour of the reflections. Sudden jumps from one reflecting level to another 
appear and the virtual heights of reflection show comparatively rapid fluctuations. 
Traces showing the typical behaviour of changing retardation are obtained quite 
frequently. 

A selection of comnionly observed records obtained during magnetically 
disturbed conditions appear in Figs. 2 and 3. The most predominant effect to be 
observed during these conditions is the appearance of a new reflecting stratum 
somewhat above the normal E-layer. Fig. 2A depicts a typical example of this 
new reflecting medium, the reflection lasting from 2044 to 2345 LMST. This 
Figure also clearly demonstrates the behaviour of the normal #-reflections during 
the period of the disturbance. These reflections seem to nearly disappear. We 
will return to this question somewhat later in the paper. 

As a first attempt to obtain information on the sporadic reflections above the 
E-layer, their frequency of appearance was studied. The day was divided into 
three-hour intervals corresponding to the three-hour divisions of the Greenwich 
Day. The total duration in hours of the presence of sporadic reflections within 
every three-hour interval was compiled and tabulated and is herein titled the 
index of intensity of sporadic reflections. This is the basic information for compar- 
ing these echoes with certain other manifestations of magnetic activity. It may 
be mentioned in this connection that during certain of the months of interest, 
it has not been possible to obtain this information. The reason is that the height 
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range of the recording system had been adjusted to a restricted height range, 
too low to record these reflections. These conditions have, especially, prevailed 
during November, December 1950 and May—August 1951. 

In Fig. 6 is shown a typical example of the three-hour range index of intensity 
of the sporadic reflections. The index is plotted for every three-hour period during 
March and April 1952. There is also plotted the three-hour range magnetic K -index 


March 1952 











April 1952 
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Fig. 6. Correlation between the magnetic K-index and Index of intensity 
of sporadic reflections above the E-layer for two typical months. 


as measured at Cheltenham, Maryland* for these months. Besides the vertical 
lines indicating the intensity of the sporadic reflections, there appear certain 
letter designations on the Figure. These are defined as follows: 


A = Record unsatisfactory for some reason that particular night. 
X = Record satisfactory but positively no sign of sporadic reflections during 
that particular night. 


Diagrams similar to Fig. 6 have been plotted for the period January 1950— 
April 1952 and all show the same general tendency as Fig. 6. This Figure clearly 


* Published for example in ‘“‘Ionospheric Data, Series F,’’ issued by C.R.P.L., Nat. Bur. of Stand., 
Washington D.C. 
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demonstrates the close correlation between the intensity of the sporadic reflections 
and the magnetic activity both in detailed and in “‘gross’’ behaviour. 

In order to have a closer check on the dependence of these reflections on the 
magnetic conditions every individual reflection was rechecked. The total duration 
in hours of every single continuous reflection was plotted versus the average 
K-index during the corresponding time. These plots were made on a monthly 
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Fig. 7. Mass plot of all data correlating the magnetic K-index with the index of 
intensity of sporadic reflection. 


basis. The general tendency of the individual points on these plots seemed to be 
to group on or above a straight line with a slope of about 45° and going through 
the origin of the coordinate system. In Fig. 7, all these individual monthly plots 
are replotted in the same graph. This Figure very clearly demonstrates the group- 
ing on or above the above-mentioned straight line of the majority of the points. 
This result appears to indicate that, in order to produce a sporadic echo of a certain 
duration, the magnitude of the disturbance has to exceed a certain minimum value 
of the K-index, this minimum value being greater the longer the produced echo 
lasts. 

Finally, the total duration in hours of the sporadic reflections during each month 
was computed. The result is plotted in Fig. 8. The mean values for the months 
have been connected to give a picture of the seasonal variation of the sporadic 
echoes. The general shape of this curve corresponds, for example, to the well- 
known seasonal distribution of auroral activity, with peaks in March and 
September. 

This plot has also been compared with the indices of auroral activity in North 
America as published by GARTLEIN et al. (1951). However, his published data did 
not extend beyond June 1950. A satisfactory correlation was obtained for the 
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period January—May 1950. This is also true when his average curve for the year 
and our average curve for that and later years are compared. It is especially 
interesting to note the third maximum in auroral activity in June, obtained by 
GARTLEIN for the years near the sunspot maximum. The seasonal distribution of 
the sporadic reflections shows the same maximum in June. However, this point 
is based on only one year’s data, 1950. On the other hand, as this year is closest 
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Fig. 8. The seasonal distribution of the appearance of sporadic 
reflections on 150 Ke/s. 


to the sunspot maximum of the three years covered by this investigation, it might 
well be significant. 

Before discussing the possible origin of the sporadic reflections, a few comments 
will be made regarding the virtual heights of reflection. As can be seen from the 
sample records in Figs. 2 and 3, these virtual heights usually show typical retarda- 
tion characteristics. However, in most cases, the echo appears at a fairly great 
height, decreases in height until a minimum value has been reached, remains for a 
certain period of time at that height and, finally, disappears with increasing height. 
We, therefore, have recorded both the hourly heights and the minimum height of 
the reflection. Of these two quantities, the minimum height is of special interest. 
The minimum heights recorded during each month in the period January 1951— 
April 1952 are given in Table 2 below. 


Table 2. Minimum virtual heights in kilometres of the sporadic reflections recorded during 
the period January 1950—April 1952 





Apr. | May | June | July | Aug. | Sept. 





143 123 









































From this Table we can see that the minimum heights appear to have a 
tendency to fall within the height range 123-131 kilometres. This is also clearly 
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demonstrated in Fig. 9, where all the individual points during this period have 
been plotted. There is no pronounced seasonal variation to be noted. 

When discussing the possible height of reflection for these sporadic reflections 
it would be very valuable to have some knowledge of their height versus frequency 
characteristic. Some tests were, therefore, performed using a manual sweep 
frequency recorder. The usable frequency range of this recorder is 560 Ke/s— 
3600 Ke/s. On the number of occasions we have had this manual recorder in 
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Fig. 9. Mass plot of all data showing the diurnal variation of the minimum heights of 
the sporadic reflections on 150 Ke/s. 








operation, the existence of an echo trace up to about 900 Ke/s has been noted. 
These reflections have been noted at the same time as we have observed sporadic 
echoes on 150 Ke/s. The virtual heights of the higher frequency reflections have 
fallen in the range 135—155 kilometres, with the heights in the individual cases 
corresponding closely to those noted on 150 Ke/s. 

Up to this time it has only been possible on a few occasions to obtain polariza- 
tion records of the sporadic echoes in view of the height range to which this 
equipment is normally set. In the cases recorded, mostly manual observations, 
the polarization has been elliptic (almost circular) with a left handed sense of 
rotation. Whether this holds for all sporadic reflections is, in view of the scarcity 
of data, impossible to say, but it is hoped that this question will be settled by a 
continued check of such records. 

What now will all this information on the sporadic reflections tell us? The 
first conclusion will, of course, be that they manifest themselves only under 
disturbed conditions. In view of the fact that they appear above the regular 
E-layer we have a choice of two possibilities. Either their origin actually is at 
this height or they are located below the H-layer and the reflections are of oblique 
origin. Tests performed on antennas with different directive characteristics have 
indicated that the reflections arrive from the vertical. Another strong argument 
favouring the statement that the reflections arrive vertically is the agreement 
between measurements on 150 Kc/s and on 500-1000 Ke/s. We, therefore, assume 
that these reflections are at vertical incidence. 

The reflections found in the same height range at higher frequencies would 
definitely be classified as a form of sporadic HZ. In view of the close correspondence 
in height and time between the echoes in these two frequency ranges on all the 
occasions simultaneous recordings have been made, it seems justified to assume 
that the sporadic reflections we see on 150 Ke/s also are to be classified as sporadic 
E. In this connection it should be mentioned that sporadic reflections of apparently 
the same type have been reported earlier by BRown and Warts (1950, 1951; 
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Buarr, Brown and Warts, 1952) and HELLIWELL (1950, 1952) on low frequencies. 
Another interesting paper‘also mentioning reflections of this type is that of GERBER 
and WERTHMULLER (1947). The last paper discusses reflections on several fixed 
frequencies in the frequency band 556-1167 Ke/s. The authors did not quote any 
height measurements, but their published records show heights of the same order 
of magnitude as those we have obtained. This is a very interesting further check 
on the theory that our echoes are from one form of sporadic ZH. HELLIWELL 
(1952) has also pointed out correlations between certain types of low frequency 
echoes and sporadic £ on higher frequencies. 

As was shown in a preceding paragraph, the maximum night-time H-layer 
ionization usually does not go below 3000 el/cm?, one of the reflection points for 
the 150 Ke/s waves. This is the case on quiet nights. On the other hand, during 
disturbed nights, we have many reasons to believe this is no longer true. See, 
for example, Fig. 3A. At 2300, the layer appears quite normal with no detectable 
sign of split echoes indicating we are approaching the critical frequency. However, 
only ten minutes later the virtual height starts increasing, and at 2315 we have a 
well-developed split. At about 2348 the upper echo, corresponding to N = 3000 
el/em’, completely disappears. The last part of the trace shows the retardation 
cusp so typical for an echo just penetrating a layer. At about the same time we 
note a reflection from a stratum above the E-layer. During the first hour this echo 
shows a decreasing height, while the coupling echo shows increasing height and 
increasing absorption. At about 0100 the conditions gradually change, the sporadic 
echo increasing in height and the coupling echo decreasing in height and absorption. 
Finally, at 0215, the sporadic echo suddenly disappears and, at the same time, 
both echoes from the E-layer show up again. 

Our interpretation of these phenomena is that the maximum electron density 
of the H-layer started to decrease slightly before 2300, passed through a value of 
3000 el/cm$ at 2348, continued decreasing and reached its minimum value at 0100. 
From that time it began increasing again, passing N,,,, = 3000 el/cm® at 0215 
and then, probably, continued to increase somewhat more. This Figure is typical 
of many of the examples we have noted of sporadic £. 

The other main group of sporadic £ records is represented by Fig. 3C. In this 
record it is possible to see reflections from both the 3000-el/cm? level and from 
the sporadic # for a fair amount of the time that the sporadic E was visible. It 
should be noted that, on this type of record, the group height of the sporadic EH 
is greater than, for example, on Fig. 3A. This would indicate that N,,,,,. is not 
below but probably very close to 3000 el/em*, causing an appreciable amount of 
retardation. It would also indicate that the H-layer is fairly thin, part of the 
energy leaking through and part reflected. Somewhat later on, Fig. 3C at about 
0225, we see a typical example of the waves completely penetrating the H-layer. 
The corresponding decrease of extra retardation in the H-layer is seen to amount 
to about 18 kilometres. 

The above explanation should mean that we are only able to detect sporadic 
E on 150 Ke/s under the condition that the maximum electron density of the 
E-layer drops close to, or below, 3000 el/em’. This, on the other hand, means that 
it is not necessary that the presence of a reflecting stratum slightly above the 
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E-layer be limited only to disturbed conditions. It could well be there all the time, 
but normally the H-layer would prevent us from detecting its existence. Measure- 
ments on other frequencies at latitudes appreciably South of the Auroral Zone 
have, in general, shown that sporadic # is not confined to disturbed conditions. 
On the other hand, as State College is situated but little South of the Auroral 
Zone, geomagnetic latitude 52°N, it could well be possible that this type of sporadic 
E is related to some of the forms so frequently noted in, say, Southern Canada. 
Distant auroral displays have, for example, been visible here on several occasions 
when sporadic E has been recorded. 

However, it still remains to explain why the normal electron density in the 
E-layer should show such a marked decrease during disturbed conditions. The 
generally accepted value of the effective recombination coefficient « is, in the 
E-layer, %j,, = 1:1 x 10-8 (RyDBECcK, 1946) and «,,,,,—= 2 * 10-%cm4sec"1 (APPLETON, 
1937). However, as Batrs and Massey have pointed out (1946), the nocturnal 
value is probably too low because of the neglect of sources of ionization. They 
suggest that the true night value is the same as the day value. 

We have made an approximate determination of «,,,,, during disturbed con- 
ditions. Records showing the typical cusp indicating that N = 3000 el/em® was 
reached and, immediately thereafter, showing sporadic F were selected for the 
investigation. Utilizing the point where N = 3000 el/cm® and published H-layer 
data*, it was possible to determine the critical frequency of the H-layer at sunset. 
The effective recombination coefficient, assumed to be independent of height, 
could then be computed by solving the well-known equation 


(2) 


=a, + Aa,. (3) 


= true recombination coefficient between electrons and positive ions. 


true recombination coefficient between negative and positive ions. 
ratio between negative ions and electrons. 
the electron density 


It was possible to find 25 records where there was no doubt that the maximum 
electron density decreased below 3000 el/em*. The median value of «,,,,, obtained 
from these determinations is « = 3-9 x 10-§ cm*sec!. The minimum value is 
1-6 x 10-8 and the maximum value 7:4 x 10-8cm sec". The order of magnitude 
of the effective recombination coefficient, therefore, seems to be at least a factor 
of ten greater during disturbed conditions than under undisturbed conditions. 

It is well known that during a magnetic disturbance a redistribution usually 
takes place in the F,-layer; maximum electron density decreases and the thickness 
increases. A similar behaviour of the H-layer could explain this apparent increase 
in the recombination coefficient. However, an inspection of the individual records 
shows this effect to be unlikely. We would expect an appreciable increase in the 


* For example, in ‘‘Ionospheric Data, Series F,’’ issued by C.R.P.L., Nat. Bur. of Stand., Washington 
D.C. 
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group retardation if a redistribution occurred. As this does not happen, we conclude 
that the increase in the effective recombination coefficient probably is real. The 
frequent records showing reflections from both the normal E and the sporadic 
E with a separation in virtual height of only some 15 kilometres also indicate that 
the shape of the layer is probably unaltered. 

As long as we do not have a more complete picture on what is going on during 
a magnetic disturbance, it is difficult to draw a conclusion as to what actually 
causes this apparent change in the recombination coefficient. A possible explana- 
tion would be to assume, as already suggested by APPLETON and NAISMITH (1940), 
an impact of high energy corpuscles, able to cause the ionization observed as 
sporadic Z. Due to a similar mechanism, we could expect reactions in the normal 
E-layer, possibly increasing the value of A in Eq.(3). However, it is apparent that 
before anything can be concluded in this direction, we should have some knowledge 
of, for example, the night sky spectrum during these conditions. 

Finally, it should be mentioned that it has not yet been possible to detect any 
sign of reflections from the F,-layer on 150 Ke/s. In the above-mentioned cases, 
when the maximum electron density of the E-layer decreased below 3000 el/cm$, 
we would expect F,-reflections on the records. However, this has never been the 
case. Every time they seem to have been obscured by the sporadic H-layer 
developed above the normal E-layer. 


THE EFFect oF SOLAR FLARES 


It is a well known fact that some solar flares give rise to a phenomenon called 
SID, sudden ionospheric disturbances. The SID’s manifest themselves by causing 
a complete disappearance of high frequency signals received via the ionosphere 
and also a complete disappearance of echoes received on an ionospheric high 
frequency recorder. The only possible explanation from this point of view would 
be the assumption that the radiation from some of the flares would be of such 
wave-length and such an intensity as to be able to build up a highly absorbing 
stratum of ionization below the E-layer. Prevailing suggestions place this ioniza- 
tion within the D-layer. 

Recently published data from the British workers (BRACEWELL and STRAKER, 
1949), shows a very good correlation between practically all solar flares and record- 
ings of 16 Ke/s phase-heights. The main effect is a change in phase height of the 
order of 30 to over 500 degrees, corresponding to a change in effective height of 
reflection from 0-9 to 15 kilometres. 

These results, namely, that both 16 Kc/s waves and waves of a frequency 
higher than 1 Me/s, are affected by solar flares immediately suggest that there 
should be some effect noted at 150 Kc/s. And, as the British results definitely 
indicate that the ionization appearing in connection with the flare is located below 
the E£-layer, it is most likely that the effect would be one of increased absorption. 

As an approach to determine if such an effect exists, the h’t-records were checked 
against all reported high frequency SID’s during the period February 1950— 
March 1952. However, partly due to lack of records and partly due to the con- 
siderable daytime absorption of the signal during the summer months, when the. 
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SID’s appear most frequently, this survey cannot give more than an indication 
of the conditions. The numerical results are listed in Table 3. 


Table 3. Result of comparison of SID’s and the 150 Ke/s virtual height records during 
February 1950—March 1952 





Toral No. of SID‘ | Number of | Number of | Number of | Number of 
of reported | when 150 _ | “28e8 showing | cases showing! 1) overall cases where 
total absorp. | partial absorp. no effect was 


SID’s Ke/s records j : absorp. was 
are avail. during SID | during SID too high detectable 





82 = 100% | 19 = 23-2% | 23 = 28-0% | 37 = 451% 




















From this Table it can be seen that the existing records only cover about 
40% of the reported number of fade-outs. Of these 40%, or 82 cases, only 54:9%, 
or 45 cases, can be used for the investigation. In the 19 cases showing total 
absorption the effect was very positive. These records showed continuous 
reflections before and after the SID. Within +2 minutes of the time reported for 
the start of the SID, the 150 Ke/s reflections disappeared suddenly and completely. 
No change at all in group height could be detected. The time of the return of the 
echoes corresponded, in most cases, to within a few minutes of the reported end 
of the SID. On the other hand, the 23 cases reported as showing partial absorption 
during the SID, started with the same precision as the last group, but had con- 
siderable fluctuations in the times of return of the echoes. In some cases the 
echoes returned within ten minutes after the SID, as observed at short wave- 
lengths, was over but in several cases the no-echo condition could last as long as 
several hours. As long as the time of onset shows such a remarkable coincidence 
with the start of an SID, it seems most reasonable to assume that this long period 
of complete absorption was due to an SID. We do not need much increased 
electron density below the H-layer to account for complete absorption of the 
E-reflections at 150 Ke/s during daytime. 

The remaining three cases, when no effect at all was detectable, are difficult 
to explain. A determination of the reflection heights shows a height of about 85 
kilometres in two cases and 94 in the third. The time of day was near noon in all 
three cases, a time when the 150 Ke/s reflections would be most sensitive to an 
increase in absorption. It seems, therefore, most likely, in these three cases, that 
the increased ionization causing the SID occurred at a height above the 3000 
electrons/cm level in the E-layer. 

A direct comparison between reported solar flares and the virtual height 
records has also been made. The results obtained during the period September 
1951—February 1952 are presented in Table IV. 

It is interesting to note that the percentage of cases showing a total absorption 
of the 150 Ke/s reflections was 23-2°% both by comparison with solar flares and 
SID’s. This remarkable agreement must be coincidental, but as far as the order 
of magnitude is concerned, it could be significant; especially as a check of the 
individual cases showed that almost all of the reported solar flares causing total 
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during September 1951— February 1952 


Result of a comparison of solar flares and the 150 Ke/s virtual height records 





Total No. 
of reported 


flares 


Total No. of 
flares when 
150 Ke/s 
records are 
avail. 


Number of 
cases showing 
total absorp. 
during flare 


Number of 
cases showing 
partial absorp. 

during flare 


Number of 
cases when 
the overall 
absorp. was 
too high 


Number of 

cases where 

no effect was 
detectable 





69 = 100% 


16 = 23-2%, 


8 = 116% 


35 = 50°7% 


10 = 145% 




















absorption on 150 Ke/s did not cause fade-outs at higher frequencies. The fact 
that solar flares can affect low frequency reflections but not high frequency 
reflections is also in accordance with the results of the British investigations on 
16 Ke/s (BRACEWELL and STRAKER, 1949). However, the number obtained for 
cases when no effect was noticeable at 150 Ke/s, 14-5%, shows that the 150 Ke/s 
reflections are a much less sensitive indicator of solar flares than 16 Ke/s reflections. 

Sample records showing total absorption during solar flares are depicted in 
Figs. 1B and 1C. The fade-out depicted in Fig. 1B was recorded on 15 December 
1951. The corresponding solar flare is reported during the period 1049-1154 LMST 
and was of importance 1. No corresponding high frequency fade-out was reported. 
It can be seen from the record that the time of beginning of the fade-out on 150 
Ke/s coincides, within one minute, with the onset of the flare. The recovery of 
the reflections is somewhat delayed; however, a weak reflection is detectable 
immediately after the end of the flare. 

In Fig. 1C another fade-out is depicted, this time recorded on 17 September 
1951. Two different flares were reported near the time of the fade-out. One flare, 
of importance 1, was reported as active during 1539-1639 LMST with its maximum 
at 1552 LMST. The other flare was reported at 1549 LMST and of importance 2. 
A corresponding high frequency fade-out is reported at 1547-1604 LMST. A 
comparison with the 150 Ke/s record shows that the low frequency fade-out 
started at exactly the same time and lasted one minute longer than the high 
frequency fade-out. Fig. 1C also indicates that the solar flare of intensity 2 is 
more likely to produce a fade-out than the one of intensity 1. These two flares 
were located very close together on the sun’s disk. The recovery of the fade-out 
in Fig. 1C is very typical of most of the fade-outs we have observed. The shape 
of the recovery curve suggests that the reflection is exposed to an extra group 
retardation which gradually decreases. However, as explained earlier in the paper, 
a very high degree of absorption would also produce this effect. As this is very 
likely to be the case, it is safer to discard this piece of information. It is believed 
that a careful investigation of phase height records obtained on 150 Ke/s could 
settle this question. 

Finally, it must be stressed that, owing to the lack of sufficient midsummer 
daytime data during the interval of interest, the numbers quoted for the cor- 
relations with SID’s and solar flares should be regarded as preliminary. 
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ABSTRACT 

The problem of wind circulation in the upper atmosphere, above the 100 km level is investigated by 
following a method of synthesis by combining theoretical reasonings with experimental data. Starting 
with the available informations on height distribution of temperature at three different latitudes 
viz. 30° N, 45° N and 80-90° N, horizontal pressure gradients and, hence, wind velocities at different 
heights are computed. The effect of kinematic viscosity on the wind velocities is taken into 
account in general terms. The final results suggest three possible models of wind circulation in the 
region 100-400 km. In ordey to judge the relative merits of these models, the results of wind measure- 
ment in this region, as are available, are collected and tabulated. It is found that one, at least, of the 
theoretical models agrees well with the observed wind data. According to this model wind is south-west 
in the E and F, regions of the ionosphere and north-east or east in the F, region. The wind velocity 
rises with height from 50 m.p.h. at 100 km to over 200 m.p.h. above 200 km. There is a seasonal variation 
in the magnitude of the velocity. This is found to be distinctly lower in summer. The model, however, 
does not predict any change in direction—diurnal or seasonal—as has been reported by observers. 
Possible explanations of these discrepancies are discussed. The height distributions of temperature on 
which the theoretical models are based, are critically examined. Necessity for further rocket observations 
in different latitudes is emphasized. 


1. INTRODUCTION 


The high regions of the atmosphere—mesophere and the thermosphere—are known 
to be subject to winds and turbulence like the low tropospheric regions (MITRA, 


1952). The various upper atmospheric phenomena and observations that have led 
to this conclusion are briefly as follows: Movements of noctilucent clouds and of 
meteor trails and observations on the so-called sporadic H region of the ionosphere 
indicate the existence winds of considerable velocity in the region 80-120 km; 
variations in,the intensity of radio noises of extra-terrestrial origin and of the night 
air-glow show that regions much higher—regions as high as the F, region of the 
ionosphere (that is, up to a height of 250-300 km)—are also subject to winds. The 
study of these wind phenomena in the high atmosphere is not only of geophysical 
interest but is also of considerable strategic importance. 

Some of the investigations—experimental and theoretical—that have been 
made in this subject in recent years may be mentioned here: S. N. Mirra (1949), 
SHEPPARD (1949) and others have collected data for the heights 50 km to 100 km 
and have attempted to deduce therefrom the trend of wind velocities in different 
hours of the day and in the different seasons of the year in this region. Cuiu (1951) 
has attempted to infer the wind system theoretically from a consideration of the 
physical state of the upper atmosphere. He has discussed in detail the factors 
which are likely to control the pattern of air movement in the upper regions and 
has tried to find out, in a qualitative way, the salient features of the circulatory 
system. YERG (1951) has shown that there may be a wind circulation above and 
below the 200 km level, where according to him the viscosity attains a maximum 
value. 

A fruitful synthetic method of investigating the probable wind circulation in 
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the upper atmospheric regions is one involving a combination of experimental 
results and theoretical reasonings. Such a method has been adopted by KELLoae 
and SCHILLING (1951). These authors, starting with the available data of wind 
velocities and pressure distribution up to the height of 100 km, have computed 
the possible height distribution of temperature at various latitudes and have 
tried to deduce therefrom a model circulation system as would agree with the 
largest number of experimental observations. No analogous study appears, 
however, to have been made of the region above 100 km, which, as already men- 
tioned, is also subject to winds. This study is proposed to be made in the present 
paper, following a method of synthesis similar to that of KELLoGe and ScHILLinG; 
there will, however, be the difference that the starting point will be the data, 
available as they are, of the height distributions of pressure and temperature in 
the different latitudes. These data will be utilized for computing theoretically the 
model wind circulation in the region 100 km to 300 km (# and F regions of the 
ionosphere), and, discrepancies as may be found between this computed model 
and the experimentally observed wind velocities will then be discussed. 


2. HEIGHT AND LATITUDINAL DISTRIBUTION OF TEMPERATURE 


The most comprehensive review of the available information regarding temperature 
distribution in the high atmosphere is that made recently by GERson (1951). 
Some plausible estimates of temperature have also been made from the rocket 
exploration of the upper atmosphere (1952). In this Section attempt will be made 
to construct, as best as possible from the available data, the temperature profile 
in the height range 100 to 400 km at the three latitudes 90°-80° N, 45° N and 30° N. 

(i) Latitude 90°-80° N. A complete height distribution of temperature for the 
region above 100 km for winter, for the north polar region has been given by 
Gerson. This has been deduced from the values of scale heights as obtained by 
Harane@ from auroral observations. This distribution is reproduced in Fiz. 1, 
curve I. No data are, however, given by Harane for summer. We can neverthe- 
less make a rough estimate for the distribution for this season from the following 
consideration: 

At 80° latitude, the region above 270 km is illuminated by solar rays both in 
winter and in summer. Hence, we may assume that the temperature distribution 
in this region does not change much from summer to winter. The winter tempera- 
ture as obtained from Harane’s data may, therefore, be taken as representing 
approximately, the summer conditions as well for the region above 270 km. 

For the region below 270 km, we note that according to KrLLoce and 
ScHILLING (1951) the temperature in summer at the 100 km level is of the order 
250°K. We may assume—as is generally done—that a linear rise of temperature 
exists above this level. If the gradient is assumed to be such as to lead to 
HaRAn@’s value (2250°K) at 270 km level, the temperature distribution resulting 
from this assumption, combined with Harana’s results above 270 km level, gives 
a picture of the probable temperature distribution in summer above 100 km level. 
This is shown in Fig. 1, curve II. 

(ii) Latitude 45° N. From a careful study of the data given by various workers, 
Gerson has adopted model height distributions of temperature for both summer 
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and winter conditions, for latitude 45° N. These are reproduced in Fig. 1, curves 
III and IV. 

It is to be noted that according to GERSON the values given represent the 
upper limits of the values as given by other workers. 

(iii) Latitude 30° N. Height distribution of temperature for this latitude has 
recently been estimated by the Rocket Panel of the Harvard University (1952). 
The estimate, however, gives only the average annual temperature for an atmos- 
phere whose constituents (Vv, and O,) are undissociated. Further, the estimate is 





n 4 °, 


1 1 J 
500 1500 2000 2500 3000 3200 K 





Fig. 1. Showing the height distribution of temperature at latitudes 90-80° N, 45° N and 30° N. 
Adapted from Grrson’s review (1951) and the data given by the Rocket Panel, Harvard 
University (1952). 


only up to a height of 220 km. It is stated that considerable uncertainties exist 
for the data for the higher levels. Rocket data have also been utilized by Havens, 
Koi and Lacow (1952) to compute the temperature for the region 100-160 km. 
These authors, however, assume that the atmospheric constituents in this region 
are O and N,. This assumption we know is in accord with current ideas regarding 
dissociation of O, in the upper atmosphere. The temperature distribution as 
obtained by Havens et al, may, therefore, be taken as reasonably accurate, at 
least up to the 200 km level (DEB, 1952; Mossges and Ta-You-Wu, 1952). It is, 
therefore, possible to recompute, with the help of the data given by the Rocket 
Panel, the temperature distribution up to the 220 km level. The temperature 
values obtained show an approximately linear rise with height. For purposes of 
our investigation on wind circulation we will assume this rising temperature 
gradient to persist for the region above 220 km as well. The height distribution 
obtained on these assumptions is shown in Fig. 1, curve V. 

It is to be noted, in this connection, that nitrogen has been shown to dissociate 
in significant proportion in the F region (DEB, 1952). The effect of this would be to 
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lower somewhat the temperature in this region. However, in view of the large 
uncertainty in our estimate of temperature in the lower regions—from which the 
temperature data in the F region have been deduced—no point would possibly 
be gained at this stage by taking this effect into account. 


3. METHOD OF CALCULATION AND RESULTS 


The height distribution of temperature, in the high atmospheric regions under 
consideration, being different in different latitudes (as represented by Fig. 1), the 
corresponding pressure distributions will also be different. The isobaric surfaces 
will, therefore, in general, be inclined to the horizontal and, hence, wind circulations 
will tend to develop—the direction of the winds being along the pressure gradient. 
Due to the earth’s rotation, however, the wind will also be subject to the Coriolis 
force. The effect of this will be to deflect the wind in a direction parallel to the 
isobaric surface. For a steady circulation to exist the forces due to the pressure 
gradient and to the earth’s rotation must balance each other. Under such condition 
a south to north flow is turned into a west to east flow and a north to south flow 
into an east to west flow. 

The wind velocity V,, in the case of steady circulation, when viscous forces are 


absent, is given for latitude ¢ by 
(1) 


where 6 is the angular inclination of the isobaric surface to the horizontal, w is the 
angular velocity of the earth’s axial rotation ( = 27/86164 radians/sec) and g is the 
accleration due to gravity. If frictional forces are operative, a component of the 
wind velocity along the normal to the isobaric surfaces will appear. Further, such 
forces will preclude the possibility of the existence of any large scale velocity 
gradient from layer to layer. 

To determine the wind system we have, therefore, to first construct the isobaric 
surfaces. This can be done by calculating the pressure distribution with the help 
of the temperature diagram of Fig. 1 and the hydrostatic equation 


Integrating, P = P, exp || = (2) 


where P, T and m are the pressure, temperature and mean molecular weight at 
height A and P, is the pressure at some datum level. H is the so-called scale 
height of the atmosphere at height 4 and k is the Boltzmann constant. 

The various parameters required in the calculation, namely, (i) pressure at the 
datum level, (ii) mean molecular weight of air, (iii) values of g and (iv) value of 


viscosity, are now obtained as follows: 
(i) Pressure at the datum level (100 km). The datum level is taken as the 100 km 


level. The pressure at this level for the polar region may be obtained from the 
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data given by KELLoG@ and ScHILLING (1951). For 45° N latitude the pressure has 
been estimated by GERSON (1951) by assuming that the atmosphere there is com- 
posed mainly of N, and O. For 30° N latitude we assume the value given by 
Havens, Kouu and Lacow (1952). These data are collected in Table 1. 


Table 1. Values of pressure at the datum level (100 km) 





45° N 80°-90° N 
30° N 
Mean annual 





Summer Winter Summer Winter 





1-488 x 10-3 1-488 x 10-3 8-5 x 10-4 4-5 x 10-4 

















The values are given in mb (1 mb = 0-750 mm) 


(ii) Mean molecular weight of air. It is now well recognized that oxygen is 
almost completely dissociated above the 100 km level (Mossss et al. 1952). It has 
further been shown that nitrogen also is dissociated in significant proportion above 
the 200 km level. The latter dissociation, however, increases very slowly with 
height, so that even at a height of 400 km it is at most 25-30 per cent. On the 
basis of the above, we obtain the following average values of the mean molecular 
weight (m) of air: 

m = 23-95 in the range 100-200 km. 
m = 22-28 in the range 200-400 km. 


(iii) Acceleration due to gravity. This is easily computed—neglecting the 
variation with latitude—by using the inverse square law. 

(iv) Viscosity. According to a recent calculation kinematic viscosity plays an 
effective réle in the region 90-300 km, its value varying between 10° and 10% 
(YeRG, 1952). This is precisely the region in which we are interested. Hence, 
the wind velocity in this region may always be assumed to have a component 
normal to the isobaric surfaces and to be subject to appreciable retarding action. 

With the numerical values deduced as above and with the height distribution 
of temperature as obtained from Fig. 1, we can calculate with the help of Eq(2) 
the values of pressure at suitable height intervals. The values so determined, at 
intervals of 20 km, are shown in Table 2. 

It is seen from the Table that the computed pressures do not give any coherent 
picture of the distribution of the isobaric surfaces. In particular, the data obtained 
for latitude 30° N from V, rocket observations are abnormally low compared to 
those for higher latitudes. This lack of compatability is obviously due to the 
inadequacy and inaccuracy of the observational data. Nevertheless, we can make 
use of the data in Table 2 for examining the pattern of air movement as would 
result from isobaric surfaces computed from the height distributions of pressure 
taken in pairs, viz. pressure data for 90°—80° and 45°, for 90°—80° and 30°, and for 
45° and 30° N. The pattern of air movements thus deduced may then be com- 
pared with observed wind data (Sec. 4) to check which pattern or which tempera- 
ture distribution represents most,closely the actual state of affairs. It is to be 
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noted that the results to be described relate exclusively to the middle latitudes of 
the northern hemisphere. Results for the southern hemisphere may be a mirror 
image or a continuation of the pattern in the northern hemisphere. However, 
sufficient data are not yet available for even an approximate deduction on this 
point. 

(i) Latitude 90°-80° and 45° N. An examination of the computed height 
distributions of pressure at these latitudes show that the pressure tends to increase 
towards the equator. As such the isobaric lines tends to slope towards the pole. 
At 105 km for example, this slope is found to be 1/508-7 and g = 947. One thus 
obtains from Eq (1) V,, = 200 m.p.h. for latitude 60° N. Detailed calculations 
reveal the following: 

A south to north movement of air exists all the year round in the region 100 km 
and above. No evidence of any seasonal change in direction exists for this region. 

Wind velocity is distinctly lower in summer. Thus, in the region round 100 km, 
the speed in summer is 50-60 m.p.h. and is approximately 100 m.p.h. in winter. 

Strong vertical gradient of wind velocity tends to develop above the 100 km 
level. Thus, in winter the velocity increases from about 100 m.p.h. at the 100 km 
level to more than 400 m.p.h. at 120 km level, and to several thousand m.p.h. at 
100 km level. However, viscous forces also rise to a maximum value in the 
120-200 km region leading to a rapid decrease of the gradient with height. 

As a result of the poleward transfer of air and the damping effect due to 
viscosity, return currents of larger velocity may be established at about 250 km 
level in summer and at a somewhat higher level in winter. Air movement in the 
F, region of the ionosphere is, therefore, likely to be from south to north. 


Note: This return current may be either through a lower region or through a region higher 
up in the F layer. The velocity of the return flow in the former case need be small whereas in 
the latter case it should be large. From the computed pressure distribution, no evidence of a 
return current through the higher region is found to exist. It should, however, be noted that 
the computation for higher region is based on very uncertain data. Results of theoretical and 
experimental investigations indicate that the composition and physical states of the H and the F 
regions of the atmosphere are widely different. A large scale exchange of air extending from 
100 to the 400 km level, therefore, seems to be highly improbable. Accumulation of air in the 
polar region resulting from flow in and immediately above the E layer, may be compensated 
by an equatorward flow below at about 80 km level. The accumulation resulting from flow 
higher up may, however, likely be balanced by a return flow above the 200 km level. 


If the effects due to Coriolis force and viscosity are taken into account, one 
arrives at the following conclusions: In northern hemisphere a SW wind having a 
speed of 50-200 m.p.h. exists in the # region of the ionosphere and a NE wind 
having a larger speed exists in the lower strata of the F region of the ionosphere. 
Higher up E wind may prevail due to fall in the value of viscosity. 

The circulation pattern described above is shown in Fig. 2 (i). 

(ii) Latitude 90°-80° and 30°. The following characteristics of the wind system 
are obtained from an examination of the computed height distributions of pressure 
at these latitude. 

There is indication of a feeble seasonal change in wind direction in the region 
100-120 km. Air movement is from south to north in winter and from north to 
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south in summer, the latter being in preponderance. No indication of any such 
change in wind direction exists for the region above 150 km, for which the direction 
of air movement is always from north to south. 

At the 100 km level the wind velocity is higher in summer. It is about 90 m.p.h. 
in this season and 40 m.p.h. in winter. At the F region level the difference is more 
marked. 

In winter the vertical gradient of wind velocity tends to be small in the region 
100-180 km and appreciable in the region above. In summer, the gradient tends 


An 
400 








1 1 1 
fquator £quator Pole 


Fig. 2 (i). Showing the possible wind circulation system (above the 100 km level) as derived 
theoretically from a consideration of the temperature distributions at the latitudes 90-80° N 
and 45° N. 


to be moderate in the former region and extremely large in the latter. This last 
tendency above 180 km level is, however, checked by the marked effect of viscous 
forces operative at that region. 

As a result of the rapid equatorward transfer of air, and damping effect due 
to viscosity a return current would probably be established at about 250 km in 
winter and at some lower height in summer. Air movement in the F, region may 
be, therefore, from south to north all the year round. 

If the effects due to Coriolis force and viscosity are taken into account, then 
the following conclusions may be drawn: The wind in the £ region is SW in 
winter and is very feeble; it is NE in summer with a speed of above 100 m.p.h. 
In the F, region the wind is always SW or W with a speed 200-300 m.p.h. 

The circulation pattern described above is shown in Fig. 2 (ii). 

(iii) Latitude 45° and 30°. The following characteristics are obtained from an 
examination of the computed height distributions of pressure at these latitudes: 

The direction of air movement is from north to south all the year round. 

Wind velocity is of the same order both in summer and in winter. 
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Indication of strong vertical gradient of wind speed exists. A value as high as 
several thousands of miles per hour may be attained even at as low a height as 
150 km. Retarding forces due to viscosity will, however, considerably reduce this 
tendency. 


ERSERES ESF 





! 1 ! 
Equator Pole Equator Pole 





Fig. 2 (ii). Showing the possible wind circulation system (above the 100 km level) as derived 
theoretically from a consideration of the temperature distributions at latitudes 90-80° N and 30° N. 


As a result of equatorward trans- 
fer of air and of the slowing down of 
speed, a return flow isset up probably 
above 250 km. 

If the effects of Coriolis force and 
viscosity are taken into account the 
following conclusions are reached: 
Wind in the £ region is NE with a 
speed of 200 m.p.h. and in the F, 
region NE with a speed of 250 m.p.h. 
In the F, region and above wind is 
likely to be due to the return flow 
which may be SW or, on account of 
the lowering of viscosity in that 
region, purely zonali.e. from W to E. 

The pattern of wind circulation 
described above is shown in Fig. 2 (iii). 

Zqualor Pole It is to be noted that the wind 
Fig. 2 (iii). Showing the possible wind cireulation Patterns given in Fig. 2 for the region 
system (above the 100 km level) as derived theoreti- 70-90 km are taken from the results 


cally from a consideration of the temperature ' : e 
distributions at latitudes 45° N and 30° N. rs by KELLoce and SCHILLING 











Winds in the ionospheric regions 


4. Rersutts or WIND MEASUREMENT IN THE IONOSPHERE 


The deductions made in the previous section regarding the probable wind 
circulation pattern in the regions above 100 km will now be compared with the 
wind measurement data in the same region. This will enable us to find out which 
of the calculated patterns is most likely to represent the actual circulation system. 

The wind measurement data for the region above 100 km as are available are 
collected and arranged in Table 3. In columns | and 2 the height and the latitude 
of observation are given. The method of observation and the trends of wind 
direction and velocity are indicated briefly in columns 3 and 4. Column 4 also 
contains references to original literature. Wind is designated by its direction of 
arrival. Thus, a north to south wind is designated as ““N wind,” east to west wind 
as ‘‘E wind” and so on. Velocities are expressed in miles per hour. 

It will be noticed from the table that a large proportion of the data is based 
on ionospheric observations. Since such observations are confined mostly to 
regions of maximum ionization, the wind data are also available only for such 
regions, that is, for regions round ZH and F maxima. Further, the bulk of the 
available data relates to conditions in the middle and higher latitude of the 
northern hemisphere. Comparatively few data are available for the southern 
hemisphere. 

The recorded data also show that anomalies exist not only in the magnitude 
of the observed wind velocity—so that there is an appreciable spread—but what 
is more, even the directions indicated are sometimes opposite to each other for 
the same time and place. Thus, while observation No. 4 indicates that in the 
region 100-120 km, E wind prevails in the morning, observation No. 11 suggests 


that in the same region W wind prevails at the same hour. However, closer study 
of the table suggests some definite features of the general trend of the wind 
circulation in the ionospheric regions. These are as follows: 


Region 100-200 km. 
(i) The wind speed in the region of 100-120 km lies in the range 70-200 m.p.h. 


(ii) There exists a tendency of diurnal reversal of wind direction in this region 
at about midnight. Most of the observations suggest a SW wind from noon to 
midnight and a NE wind from midnight to noon. 


(iii) There also probably exist seasonal changes in wind direction and speed. 
In summer the speed is lower, but it is more regular. Evidences regarding the 
seasonal change of direction are not, however, conclusive. 


Region 250 km and above. 

(iv) The wind speed in the region 250 km and above lies in the range 
150-250 m.p.h. 

(v) There is no clear indication of the existence of a regular diurnal change of 
the wind direction in this region. 

(vi) Positive indications exist of a seasonal change of the wind direction at 
equinoxes in the F layer. There prevails regular E wind in summer in the northern 
hemisphere. In southern hemisphere W wind is more frequent in summer. 
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of wind measurement above 100 km 





Height 


Latitude 


Method of Observation 


Wind Speed and Direction 


Reference 





. 80-120 km 


2. 80-150 km 


- 90-110 km 


- 100-120 km 


5. 100-120 km 


- 100 km 
- 100-120 km 
- 100-120 km 
- 100 km 


E layer 


. E layer 


. F layer 


. F, layer 


. 250 km 


. 250 km 


. 250 km 


. F layer 


. F layer 


. 300 km 
. 300 km 


. Eand F 
layer 
. Fy layer 


. F, layer 


. 300 km 





50° N 


5°N 


40°N 

40° N 
50°-60° N 
50°-60° N 


50°-60° N I 


52°N 


52°N 


40°-45° N 


30°-40° N 


60° N 


53° N 


52°N 








Meteor trails and 
noctilucent clouds 


Meteor observations 


Radio observations of 
meteors 


Radio observations of 
sporadic E 


Radio observations of 
movements of layer 
irregularities 


Observations of night 
air-glow 


Radio observations of 
ionospheric ionization 


Observations of stel- 
lar radio noise from 
Cygnus and Cassiopeia 





E wind below 80 km. Irregular, with W wind 
component prominent between 90-100 km. 
SW wind at 120km. Speed 224m.p.h. in 
summer and 605 m.p.h. in winter 


W wind predominant. Speed 129 m.p.h. 


S.SW and N wind. Speed 70 m.p.h. in summer. 
Indication of strong wind shear 

E wind in morning, W wind in afternoon 
E wind in winter; speed 292m.p.h. S.SW 
wind in summer; speed 90 m.p.h. 


216 m.p.h. 


Speed 151 m.p.h. Regular diurnal and seasonal 
changes in wind direction 


Mainly E wind. Speed 78-180 m.p.h. 


Diurnal change in wind direction. NE wind 
from midnight to noon. SW wind from noon to 
midnight. Speed 156 m.p.h. 


Semi-diurnal change in wind direction from S 
to N wind at 07 and 19 hrs. Variation depen- 
dent on tidal motion 


Regular wind in summer; irregular in winter. 
E wind at night and W wind at midday. 
Speed 150 m.p.h. 


N and E wind predominant. Semi-diurnal 
variation of wind speed with amplitude 80 
m.p.h. Positive correlation of wind speed 
and ionospheric disturbance 


SE wind. Speed 112 m.p.h. 
No diurnal variation. Speed 648 m.p.h. 


Speed 214-438 m.p.h. 


Mostly W_ wind. 
No indication 


Seasonal change at equinoxes. 
of diurnal change 


W wind. Speed 70-700 m.p.h. 
Speed 160 m.p.h. 


Semi-diurnal change in wind direction from S 
to N wind at 07 and 19hrs. Average speed 
320 m.p.h. 


Wind speed about 200m.p.h. No positive 
indication of any diurnal change 


N-S.SE wind. Speed 600 m.p.h. 


N.NE wind; speed 250 m.p.h. and S.SW wind: 
—_ 200 m.p.h. No regular hour or season of 
change in wind direction. No correlation with 
tides 


N wind in £ layers and S wind in F, layer. 
Speed 60 m.p.h. 


Steady E winds (15° N of W) in summer. 
Speed 150m.p.h. Tendency of reversal at 
midnight 

Steady E wind (150° S of W) in summer; speed 
260 m.p.h. Tendency of reversal at midnight 


E wind. Speed 219m.p.h. Direction some- 
times changed rapidly 





SHEPPARD, 1949 


WHIPPLE, 1943 


MANNING, VILLARD, PETER- 
SON, 1950 


FENNEL, 1944 
FERREL, 1948 


MEEK, 1949 

PHILLIPS, 1952 

GERSON, 1951, 1952 
Geophys. Res. Dir., Record 
of Colloquium, 1950, MITRA, 


MATSUSHITA, 1950 
SALZBERG and GREENSTONE, 
1951 


CHAPMAN, 1948 


Geophys. Res. Dir., Record 
of Colloquium, 1950; MITRA, 
9 


Geophys. Res. Dir., Record 
of Colloquium, 1950; KEL- 
LOGG and SCHILLING, 1951 
BEYNON, 1948; MUNRO, 1950; 
Report on Geophys. Dis- 
cussion, 1951 


Report on Geophys. Dis- 


cussion, 1951 


Report on Geophys. Dis- 


cussion, 1951 
MATSUSHITA, 1950 
CHAPMAN, 1953 


HURUHATA, 1950 


HURUHATA, 1950 


YUMURA, 1952 
MAXWELL and LITTLE, 1952 
MAXWELL and LITTLE, 1952 


RYLE and HEWISH, 1950 
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5. Discussion 


We have now to examine how far the circulation patterns of Fig 2, computed 
from the pressure distribution data, conform to the patterns described in Sec. 4. 
In doing so we must, however, remember that the computed patterns can not be 
expected to agree closely with the observed ones, because of the neglect of many 
factors which are likely to affect the magnitude and direction of the winds. These 
are: (i) tidal movements of air, (ii) effect of terrestrial magnetic field. (This is 
because wind velocities are obtained mostly by radio sounding of the ionosphere, 
and the terrestrial magnetic field—as it influences the motions of ion and electrons 
—must also influence the wind observational data), (iii) the changing pressure 
field caused by the changing height gradient of temperature as may influence the 
circulation system to some extent, (iv) strong vertical gradient of temperature as 
may produce turbulence and eddy diffusion. Of these, we have some definite 
knowledge of the tidal motions. It is known that the tidal motions of air particles 
are mainly horizontal, and according to the Taylor-Pekeris theory, the velocity 
attained by the particles at 100 km level is of the same order as those given in 
Table 3. Wind circulations as developed by the tidal forces are thus superposed 
on those due to temperature gradients. It is, in fact, well-known that the semi- 
diurnal barometric pressure oscillations as observed at the ground are due, nearly 
in equal measures, to tidal forces and to temperature gradients (MiTRa, 1952). 
In examining the discrepancies between the wind patterns as calculated from 
pressure data and those as deduced from direct observational data, this possible 
effect of tidal motions has to be kept in mind. 

Let us now examine each of the circulation patterns individually. 

Between Lat. 90°-80° N and 45° N, Fig. 2 (i). We note that the magnitudes 
of the computed wind velocities at different levels (Sec. 3) are in very good agree- 
ment with the observational results (Sec. 4). The computations also predict a 
lower but more stable wind flow in summer as actually observed. Further, the 
computed wind direction in summer is in agreement with observed direction. 
However, the pattern does not indicate any large-scale diurnal or seasonal reversal 
of wind direction as required by observational data. 

Between Lat 90°-80° N and 30° N, Fig. 2 (ii). The computations predict a 
larger wind speed in summer. This is contrary to the observed data. The magni- 
tudes of the wind velocities in summer, for both the # and F regions, agree well 
with observational data, but the direction of the flow is just the reverse. There 
is again no indication in the computed pattern of the existence of any diurnal 
or seasonal reversal of wind direction. 

Between 45° N and 30° N, Fig. 2 (iii). The predicted wind speeds are a little 
on the high side, see Sec. 3. Also, there is no large scale difference in the predicted 
values between summer and winter. Further, the wind direction for the F, region 
is mostly opposite to that observed. As in the two previous cases, there is neither 
any diurnal change in the wind direction in the # region nor any seasonal change 
in the F region. 

From the comparative study made above it would appear that the wind 
pattern as shown in Fig. 2 (i) agrees best with the observed wind data. But, 
before this pattern is accepted as approximating the actual state of affairs, one 
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has to explain one important discrepancy between observed and computed data: 
While all the observed data indicate diurnal and seasonal changes in the wind 
directions, no such corresponding changes are predicted by the computed data. 
It is to be remembered, in this connection, that to produce such reversal of wind 
direction, large changes in temperature distribution—so large as to reverse the 
direction of the gradient—have to be assumed. Such large changes—diurnal or 
seasonal—are most unlikely. In fact, according to all available informations, the 
diurnal variations of temperature in the high regions that have been observed are 
all small (GERSON, 1951). 

It has been suggested (Report on Geophys. Discussion, 1951) that so far as 
the diurnal changes are concerned, they may be an apparent effect only, arising 
out of the observations being made at different heights at different hours of day 
and night. This suggestion readily fits in with the wind pattern shown in Fig. 2 (i). 
It is seen from the figure that within two narrow ranges of height at 80-90 km and 
at 250 km there are changes in wind direction due to the development of return 
flow. These are also the heights at which most of the wind observations have 
been made. For the 80-90 km region a change from NE wind at morning to SW 
wind at evening might, therefore, have been observed due to a rise in the height 
of observation (the height of the ionospheric layer) at night by about 10-20 km. 
Alternatively, it may be supposed that the observed diurnal change in direction 
is a real effect and is caused by semi-diurnal tidal reversal of flow of the air 
particles. 

Regarding seasonal changes of wind in the higher regions we note from Fig. 2(i) 
that the region in which the wind changes direction in the F layer lies higher up 
in winter. This may, at least, partly account for the reported transition from E 
wind in summer to W wind in winter in the 250 km region. For the polar and 
equatorial regions an alternative explanation may also be thought of. In the 
return current above the F, region cold air will be moving southward from pole 
to equator. This might lead to a decrease in temperature with height in that 
region. YERG (1951) has put forward the view that the consequent lapse rate 
may be strong enough to break up the whole circulation system into three parts as 
shown in Fig. 3 (after YerG). It will be seen that in the central region the circu- 
lation is composed of W wind below and E wind above and vice versa for the polar 
and equatorial regions. It may, however, be noted that the development of such 
a complex circulation is possible only when the poleward decrease of temperature 
is very marked. As such, the circulation may exist only in winter when the region 
in and around the 200 km level is in complete darkness. In summer months a 
simple circulation extending from pole to equator is more likely. A transition to 
this latter pattern from the one shown in Fig. 3, might give rise to a scasonal 
change in wind direction in the polar and equatorial regions. 

The above discussion should not, however, be taken to imply that the height 
distributions of temperature, as assumed for the latitudes 90°-80° N and 45° N, 
represent accurately the actual state of affairs. There are several features of the 
assumed distribution which are open to question. For example, the assumed 
distribution requires that the temperature within the 170-300 km range should 
increase poleward in winter. This is difficult to explain in view of the fact that 
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in the polar regions the layer up to the 300 km level remains in complete darkness 
for months together in winter. 

Of the various temperature distributions assumed, that for 30° N latitude 
deserve special consideration. This is because the computations are based on 
rocket data as have been obtained by direct recordings. The computed data may, 
therefore, also be regarded as obtained from direct observations. The most 
important feature of this distribution is the value of temperature in the ionospheric 





HEIGHT, KM 











NORTH LATITUDE 


Fig. 3. Possible wind circulation in the F region when the temperature decreases markedly with 
height. (After YERG.) 


region. This is low compared to most of the values estimated previously from 


indirect observations. However, in the present work the wind velocities have been 
derived by combining rocket data with the results based on older methods. Such 
a procedure is not justified and is likely to lead to unreliable results. For more 
reliable conclusion one must make use of rocket data from more than one station. 
The present calculation serve only to emphasise the desirability of carrying out 
rocket observations in different latitudes, particularly in the polar ranges. 

If the temperatures for 30° N based as they are on rocket data, be taken as 
correct, and if the wind circulation is assumed to be due to the pressure gradient 
alone, then, from the observed wind velocities, one can compute the pressure 
distribution in the polar regions. Result of one set of such calculations is given 
in Table 4. 


Table 4. Height distribution of temperature in the polar region deduced from rocket data 
for latitude 30° N and the observed wind velocities 





Height Pressure (mb) Temperature (°K) 





100 km 4-6 10-5 230 
120 km 6-0 10-6 248 
160 km 1-4 10-7 342 
200 km 1-6 10-8 * 600 
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We note that the computed temperatures are in general lower than those 
shown in Fig. 1. The value 600° K for the 200 km level is in fair agreement with 
the estimate 750—-850° K made by Perriz from auroral spectra (1952). 


6. CONCLUDING REMARKS 


The data on which the computations of the wind velocities have been based 
are at best rough. Further, as already mentioned in Sec. 5 the computations do 
not take into account a number of disturbing factors which are likely to affect 
the wind system. It is, therefore, rather remarkable that notwithstanding these 
uncertainties, significant agreement has been obtained between the computed 
and the observed wind velocities. This shows that though a rigorous and compre- 
hensive consideration of the dynamics of the high atmospheric regions may not 
be possible on account of the many difficulties involved, one may obtain reasonably 
good results by the adoption of simplified models based on plausible assumptions. 
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ABSTRACT 


The effect of magnetic “disturbance” on various parameters, both geomagnetic (measured at Eskdale- 
muir) and ionospheric (measured at Slough), is investigated by choosing days on which the K, sum is 
markedly above or below those of adjacent days. Most of the parameters show a peak or trough corres- 
ponding to that of disturbance, and following it by periods of from 0 to 18 hours An extension of the 
investigation to measurements made at Huancayo shows mainly similar results. 

Particular attention is called to some peculiar seasonal effects; also to features of the sporadic E 
layer occurrence at Slough and of the vertical movement of the F2 layer at Huancayo. 


1. INTRODUCTION 


Evidence is presented here on various aspects, other than those of diurnal variation, 
of the interrelations of geomagnetic and ionospheric phenomena. 


2. MerTHOD 


A choice was made of Greenwich days on which the sum of the 8 geomagnetic 
planetary three-hour-range indices K, was a “peak” or a “trough’’ relative to 
adjacent days and on which the K, sums were respectively above 25 and below 


15. Attention was confined to ‘‘independent”’ occasions, and those days of marked 
maximum (or minimum) were included in preference to other days of perhaps 
greater (or smaller) K, sum but differing little from neighbouring days. Totals 
of 103 peak and 83 trough days were selected from the K, data for the period 
January 1947 to June 1952. The variations, on and around the chosen days, of 
various geomagnetic and ionospheric parameters were then calculated. Nearly 
all these have conspicuous diurnal variations the forms and amplitudes of which 
are systematically affected by varying magnetic disturbance. Since in this 
investigation it was desired to concentrate on effects of magnetic disturbance 
other than those of diurnal variation, the latter were largely removed by taking 
running means over a period of a day; the parameters were generally calculated 
at intervals of 4 hours so that the diurnal smoothing was achieved by taking 
running means of 6 values. The absence of a diurnal oscillation in the running 
means shows that a variation has been obtained which is free from effects of 
diurnal variation. It was found in practice that, with some of the parameters, 
some effect of diurnal variation survived this process of diurnal smoothing. 

Owing to the appreciable secular changes of most of the parameters during 
the period considered, unequal representation of peak and trough occasions was 
found to give rise in some cases to differences in mean level quite unconnected 
with magnetic disturbance. In such cases the variations are shown as average 
departures (A) for a 24-hour period centred at each plotted point from the corres- 
ponding “‘all-day”’ mean level (differing slightly for the peak and trough occasions): 
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in the remaining cases the actual mean values, and not departures, are shown. 
Standard errors of selected plotted points are indicated. Results are discussed in 
the following sections. 


3. MAGNETIC VARIATIONS 


(a) 3-hour ranges 


Fig. 1 (a) represents the variation at Abinger of the amplitude of 3-hour ranges 
(2), in force units, calculated from the frequencies of the corresponding K indices. 
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Fig. 1. Variation of (a) Abinger R Fig. 2. Variation of (a) Slough Af,F2 

(b) Eskdalemuir H (c) Eskdalemuir A and (b) Slough Ah,,F,2 round selected 

round selected days of peak (+ + «+ ) days of peak (+++) and trough 

and trough (°° ° ) K, sum, (°c © o ) K, sum, 1947-52. 
1947-52. 


This representation in absolute units is preferred to one of mean K index because 
of the non-linearity of the K index scale. Fig. 1 shows a fairly symmetrical R 
variation, with maximum or minimum occurring at hour “O” i.e. at 12 G.M.T. on 
the selected day; this type of variation is entirely due to the method of selection 
of the days, and has no connection with the ordinary diurnal variation of distur- 
bance which has been removed by taking running means. The average peak day 
and trough day correspond to K sums of about 35 and 11 respectively. 
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(b) H-force changes 

Fig. 1 (b) shows the corresponding H force variations at Eskdalemuir. (Values 
for Abinger were not available, but comparison over another period shows that 
at the two stations the changes of H force accompanying magnetic disturbance 
are statistically very close.) Fig. 1 (b) illustrates the known fact that the depression 
of H force associated with magnetic disturbance comes some time after the main 
disturbance as measured by range fluctuations. The time lag of H minimum 
behind R maximum is difficult to determine precisely because of an apparent 
double minimum in H, but appears to be about 18 hours. Examination shows that 
the double minimum in H force is probably caused by large changes in the 
amplitude of diurnal variation of H around the chosen peak days. 

The falling-off of magnetic disturbance to minimum R is seen from Fig. 1 (b) 
to be associated with a rise of H force, lagging by about 18 hours. It is noteworthy 
that the ratio of the contrasting changes in H force is nearly the same as that of 
the corresponding changes in R. 


(c) Changes in amplitude of diurnal oscillation 


The changes in amplitude of daily variation of V force, and to a lesser degree of 
H force, accompanying magnetic disturbance provide parameters suitable for 
examining the variations of the Sp, current system with which these changes are 
usually associated. 

The mean V variations at Eskdalemuir rotund the peak days were determined 
at intervals of 2 hours and the amplitude (A) of daily variation of period 24 hours 
was calculated by the Fourier analysis of each successive 12 values. The results 


(Fig. 1 (c)), show that maximum A occurs at hour “0.”” The amplitude of daily 
variation of H force was also found to reach a maximum at this hour. These 
results strongly suggest that the S, current system associated with disturbance 
reaches a maximum simultaneously with the range disturbance. 


4. JONOSPHERIC VARIATIONS 
(a) F2 layer critical frequency (fy F2) 


The Slough f, F2 variations round the peak and trough days are shown in Fig 2 (a). 
The expected depression of f,/2 with increased disturbance can be seen and there 
is a corresponding increase of f,F2 associated with the trough. In each case there 
is a lag of about 16 hours behind the associated magnetic range effects, a lag which 
cannot be considered to differ significantly from that of H force. The ratio (f,F2 
depression with increasing R)/(f)/2 rise with decreasing Ff) is however definitely 
smaller than the corresponding ratio for the H force changes. 


(b) Heights and semi-thickness of F2 layer 


The Slough F2 layer variations in height of maximum ionisation density (h,, F2) 
are shown in Fig. 2 (b). h,,F2 rises and falls with R, lagging in either case by only 
about 4 hours and thus definitely preceding the f,F2 changes. Simultaneous 
movements occur of the height of the lower edge of the F2 layer (hy F'2). These are 
in the same sense as the h,, F2 changes but the rise of h, is smaller than that of h,, 
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by about 12 km and the fall is smaller by about 4 km. The assumption throughout 
of a parabolic distribution of electrons implies an expansion and contraction of the 
F2 layer by these amounts with increasing and decreasing magnetic disturbance 
respectively. 


(c) Sporadic E-layer (E,) ionisation 


Fig. 3 (a) shows the variations of Slough fZ,. While an inverse relationship between 
fE, and R is indicated by the peak curve the difference between the f£, means in 
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(+ + + ) and trough ( © © o ) K, sum, ( °——° ) for years 1947-52. 

1947-52. 

the two groups of days is not proved significant from this data. In further examina- 
tion of this point, however, we found that Slough fZ, was in all seasons significantly 
lower on international disturbed (D) days than on Q days by an average of about 
0-2 Me/sec. 

Fig. 3 (b) shows the rather unexpected result that the percentage frequency 
(N’/N) of EH, occurrence is greater at times of magnetic quiet than at disturbed 
times. (The only relation so far confirmed between the occurrence of F, ionisation 
and magnetic disturbance is a direct relation at high latitudes (APPLETON, 1936).) 
The variations in frequency of occurrence appear to lag about 4 hours behind the 
corresponding variations of R i.e. about the same as the lags in the vertical 
movements of the F2 layer. 

Another aspect of this suggested inverse relation between geomagnetic dis- 
turbance and E, occurrence is shown in Fig 4 where average features of diurnal 
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variation are compared. Here percentage non-occurrence (N"/N) of EF, is plotted 
for easier comparision. The general similarity of the two curves lends some 
support to this suggestion of a relationship between them, but it is apparent that 
there is an important influence other than geomagnetic disturbance in the occur- 
rence of Slough #,. Comparison of seasonal features of the two phenomena leads 
to a similar conclusion: the winter, equinox, summer values of Slough N”/N, 
meaned over all hours in the years 1947-52, are respectively 22, 31, 17 per cent; 
non-occurrence of £, thus resembles disturbance in having a clear equinoctial 
maximum, but differs from it in having a higher value in winter than in summer. 
MEEK (1949) has distinguished five types of H, ionisation in high latitudes. It 
seems likely that more than one type is recorded also at Slough, and that only a 
fraction of the recorded. occasions is sensitive to geomagnetic changes. 


5. SEASONAL VARIATIONS 


The seasonal variations of selected parameters are shown in Fig. 5. The method of 
selection of the days implies compensating changes in level of magnetic disturbance 
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1947-52. 
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some time before and after the average selected days. The resulting intersection 
of peak and trough K curves is shown in Fig. 5, with corresponding intersections 
occurring somewhat later in h,, F2 and still later in H force and f, F2. 

A small degree of asymmetry may be noted in the average form of magnetic dis- 
turbance at Abinger, the fall of K following the peak occurring more slowly than 
its previous rise. Similar asymmetry may be noted in the other elements shown 


in Fig. 5. 

Despite the close association of the elements in Fig 5, there are important 
contrasts in their seasonal characteristics: h,, F2 changes insignificantly with season 
while Af,F2 and AH have definite minima in winter and summer respectively. 
We have tested the reality of these features by independent methods. 


6. Non-cyctic CHANGES 


It is well known that there is a negative non-cyclic change (N.C.C.) of H force on 
the average magnetically disturbed day. The time lag of Slough f,F2 and h,,F2 
behind magnetic disturbance gives rise to N.C.Cs. (respectively negative and 
positive) in these also. The variation with time of the 24-hour N.C.Cs. round the 
peak days is shown in Fig. 6. As would be expected, there is practically no N.C.C. 
of K index from beginning to end of the selected peak day, i.e. K,,. — K_,. = 0: 
the small positive value is readily explained by the slightly asymmetrical form of 
the disturbance curve. Assuming similar asymmetry in the other elements, their 
lag behind the magnetic range disturbance is given by the delay with which zero 
N.C.C. occurs, i.e. approximately 4 hours for h,,F2 and 14 hours for f,F2 (Fig. 6). 
Determination by this method of the lag of H force at Eskdalemuir is complicated 
by the large disturbance diurnal effects. 


7. FURTHER GEOMAGNETIC CONNECTIONS 


The statistical relations of magnetic disturbance with various other parameters 
were investigated in less detail. Results are as follows: 


(a) Relative sunspot number 


The mean relative sunspot number was found to be above average on each of the 
6 days round the chosen peak occasions and very slightly below average round the 
trough days. The mean difference of about 11 units of sunspot number between 
the two groups of days was however barely significant in terms of its general 
variability, while the mean day-to-day variations in the two individual groups were 
quite insignificant. Comparison of this result with the very significant variations 
already described leads to the inference that the geomagnetic and ionospheric 
phenomena are more closely related than is either with the solar activity as 


measured by sunspot number. 


(b) Ionospheric absorption 
The Slough ionospheric absorption measurements were examined for evidence of 


association with the geomagnetic and ionospheric peaks and troughs. 
The mean values of the absorption coefficient A and of the absorption index 
— log, p measured at a frequency of 2-0 Mc/sec. varied little in both groups between 
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days —3 and +3, and no significance could be attached to the differences between 
corresponding values in the two contrasting groups. 


(c) E layer critical frequency 


Departures of Slough E layer critical frequency (Af,#) from the appropriate 
monthly means were examined in relation to the selected peak and trough days. 
Owing to the absence of measurements for all night and twilight hours and to the 
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general irregularity of the effects any attempt at timing was impossible, but 
evidence was obtained that f)# on a peak day and the day following was 
significantly lower by about 0-4 Mc/s than it was on a trough day and the day 
following. 
8. Huancayo VARIATIONS 

Effects near the equator analogous to some of those discussed above are shown in 
Fig. 7 in which the variations at Huancayo of H force, f,F2 and h’ F2 (minimum 
virtual height) are represented. The variations are those for 50 selected K, peak 
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and 37 K, trough days from 1940-44 and are shown on the same scale as in Figs. 
1 and 2. The Huancayo K variations are not reproduced but resemble those 
at Abinger in having maximum and minimum, corresponding to peak and trough 
occasions respectively, at 12G.M.T. The Huancayo H changes are bigger than 
those at Eskdalemuir and, lagging behind R by only about 10 hours, probably 
precede the corresponding Eskdalemuir variations by some hours. The Huancayo 
F2 layer changes of f, and h’ are, on the other hand, much less than at Slough: 
fo, showing the known positive equatorial variation with increasing disturbance 
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Fig. 8. Variation of 24-hour N.C.Cs. in Huancayo h’F2 (- - - - +) and H force ( »—~ ) round 
selected days of peak magnetic disturbance 1938 39 and 1944-45. 


may possibly be delayed by a few hours compared with the H changes; the h’ 
changes are in the same sense as the corresponding Slough changes but occur 
relatively even earlier. Fig. 7 strongly suggests, in fact, that the h’ F2 reactions 
at Huancayo to magnetic disturbance reach their maximum some 12 hours before 
the ranges, as compared with a delay of about 4 hours at Slough. The result of a 
test with independent Huancayo material of this time relationship is shown in 
Fig. 8, in which the time variation of the N.C.Cs. in h’F2 and H force may be 
seen to agree closely with the results of Fig. 7 

The variations of Huancayo £ layer critical frequency (fF) associated with 
increasing and decreasing magnetic disturbance were found to be insignificant. 


9. DiscussIoNn 


The main method of analysis in this paper differs little from a statistical 
examination of various parameters on magnetically disturbed, as opposed to 
quiet days; concentration on independent occasions of marked peaks and troughs 
and the use of the “‘superposed-epoch’”” method have however enabled us to 
compare sharply opposed effects and to assess the average time relations of various 
elements. We have previously (LEwis and McInTosH 1953) called attention to 
the very closely related “‘storm-time” variations that occur at Slough-Eskdalemuir 
in f)F2 and H force and suggested a possible slight precedence of the magnetic by 
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the ionospheric changes. Any time difference between these elements has however 
proved too small to be determined in the material considered here. 

Comparison of the Slough-Eskdalemuir results with those for Huancayo makes 
it apparent that the related F2 layer and H force changes are not cause and effect 
in the sense that the expanding F2 layer with varying electron density reacts 
directly on the magnetic field measured at the ground: other considerations show, 
in any case, that any such direct effect must be very small. The relationships 
between the phenomena appear to us to be not inconsistent with Martyn’s (1951) 
view that the measured ionospheric reactions are the result of vertical electronic 
drifts induced by the Chapman-Ferraro ring current, but there are obviously many 
compelxities and anomalies yet to be explained. Examples of these are the 
existence at Slough of an inverse relation between HL, occurrence and geomagnetic 
disturbance as opposed to a direct relationship at higher latitudes (§ 4 (c)); 
the contrasts in seasonal characteristics of closely related phenomena (§ 5); the 
large differences in time of maximum displacement of the F2 layer at Slough and 
Huancayo (§ 8). A possible explanation of the early movement of the F2 layer 
at Huancayo is that the movement is short-lived and is confined to a time at or 
near occasions of “sudden commencement” of storms. There is support for this 
in that the statistical time lag of magnetic range maxima behind sudden com- 
mencements is about 12 hours (the same as that between h’ F2 and R), but we are 
uable to confirm or refute this possible explanation from available data. Whatever 
the reason for the Huancayo h’ Fs effect may be, it can hardly also serve to explain 
the corresponding effect noted at Slough. 

MartTyYN (1953) has recently stated that he finds no evidence for the view that 


ionospheric storms travel in a matter of hours or days, from high to low latitudes. 
Our results support MartTyNn’s statement in that we find that corresponding f,F2 
changes occur simultaneously in high and low latitudes (as do the related magnetic 
R changes). Such differences as have appeared in the times of corresponding 
phenomena have in fact been in the opposite sense e.g. the vertical movements 
of the F2 layer and probably also the maximum depression of magnetic H force 
appear to occur earlier at Huancayo than at Slough and Eskdalemuir respectively. 
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ABSTRACT 

A study has been made of the diurnal variations of F2 critical frequencies and virtual heights as a 
function of phase of sunspot cycle, season, and geographic and geomagnetic position. The main results 
are derived from ten stations that are well observed at both sunspot maximum and minimum. 

The chief characteristics of #°f2 may be described in terms of (a) the sunspot minimum anomaly, 
(b) the sunrise anomaly, and (c) the diurnal range anomaly. The features of these anomalies are evaluated 
quantitatively and then, as far as possible, the anomalies are extracted from the data to determine 
the normal curves. The world distributions of indices representing the anomalies are studied. The 
variations of the F2 virtual height are not related in any very significant manner to either the sunspot 


cycle or the f°F2 diurnal curves. 

Some attempt at explanation of the anomalies has been made but no complete theory is available. 
Some effects are thought to be thermal or tidal oscillations, and evidence is given for the conclusion that 
F2 electrons disappear by a decay law that is independent of gas pressure. 


1. INTRODUCTION 


It is well known that the F2 region of the ionosphere is anomalous as compared 
with the regular # and F1 regions. The observed characteristics show anomalies 
in the diurnal variations, day-to-day variations, seasonal variations, solar cycle 
variations, and variations with geographic and geomagnetic positions. The F'2 
layer is very sensitive to external disturbances, but the short period variations 
may be averaged out into monthly data which are then fairly regular. After the 
sporadic variations have been eliminated there remain many persistent features 
which do not agree with any known theory and call for an explanation. They 
require a systematic analysis in order to present them in a quantitative form. 

There are probably several superimposed anomalies, and it may be possible 
to study them one by one. If any anomaly can be evaluated either physically or 
empirically one should be able to extract its effect from the data and proceed with 
the corrected data to study the next anomaly or the physical principles. The 
procedure provides quantitative information for a physical study of both the 
anomaly and the corrected results. 

The analysis in the present paper is an attempt to use this outlook. Certain 
regularities in the diurnal variation of critical frequencies f°F2, were noted earlier 
[1] and gave promise of leading to a result that would be systematic on a world- 
wide scale. This regular anomaly has been extracted and the corrected data 
examined. The analysis is not influenced by theoretical considerations except that 
a Chapman layer [2] is regarded as the ideal of normality and departures from it 
are called anomalies. 


2. DrurRNAL VARIATIONS OF TEN STATIONS 


The data analysed in detail are from ten widely distributed stations for which 
ionospheric characteristics at sp-max (sp = sunspot) and sp-min are well observed. 
All information was extracted from the ‘‘Ionospheric Data’’ publication of the 
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Central Radio Propagation Laboratory, Washington. The stations used are 


shown in Table 1. 
Table 1 





Station Geographic Magnetic Time 
‘ Lat. Long. Lat. Long. standard 





Fairbanks, Alaska 64°-9N °-8W!] 64°°7N 258°: 150° W 
Washington, U.S.A. 38°°7 N Ps 7! 50°3N 350°: 75° W 
San Francisco, U.S.A. | 37°-4N 22°-2 W | 43°-6N 298°: 120° W 
Baton Rouge, U.S.A. | 30°-5 N -2W | 41°0N 334°: 90° W 
San Juan, Puerto Rico | 18°°4 N ibe 7} 29°-9N 3° 60° W 
Maui, Hawaii ‘20°-3 N °-5 W} 20°9N 268°: 150° W 
Huancayo, Peru 12°08 -3W) 0°68 353°: 75° 
Brisbane, Australia 27°-5 8 53°: 35°°7 8 227°: 150° 
Watheroo, Australia 30°:3 8S ie 41°°7S 185°: 120° 
Canberra, Australia 35°°3 8S °. 44°-0S 225°-0E 150° 














Various diurnal curves are shown in Figs. 1 and 2. For each station the top 
section is averaged from the four months of the northern solstice May, June, July, 
Aug., the middle section for the equinoxial months Mar., Apr., Sept., Oct., and 
the lower section for the southern solstice Nov., Dec., Jan., Feb. Within each 
section the top continuous curve is the diurnal variation of f°F2 for sunspot 
number = 100, and the superimposed broken line curve is the same with the 
sp-min anomaly (of § 3) eliminated. The next continuous curve (approximately 
parallel) shows f°F2 for R = 0. As explained ip the earlier paper [1] these results 
are obtained by extrapolating and interpolating among the curves for the 
individual years of sp-max and sp-min. The f°F2 scale for these curves is logarith- 
mic and hence when curves are parallel the variations are proportional. However, 
the lack of parallelism shows some systematic trends that are demonstrated in 
the diagram by the next curve which is simply the difference between the R = 100 
and R = 0 curves. The difference curves are discussed in § 3. The noon values 
of f°F 1 at R = 100 and R = 0 are also shown in Figs. 1. and 2. 

Below the dividing line in each section are the curves of the virtual heights 
h' F\ and h’ F2 on a linear scale. The sp-max curves are on top and the curves are 
separated by 200 km to avoid superposition. The 250 km level is inserted in each 
case. The h’ F2 values showed a much less systematic variation with the sp-cycle 
than f°F2, and consequently it has been thought sufficient to represent the curves 
at sp-max and sp-min without attempting to deduce curves for precisely R = 100 
and Rk = 0. h’F1 results are included as broken lines. 


3. Sunspot Minimum ANOMALY 
The most striking anomalies in the f°F2 curves of Figs. 1 and 2 are at sp-min. 
Our aim will be to study this sp-min anomaly quantitatively in this section, and 
later study the effects of its removal. 
The anomalies tend to be opposite in summer and winter. In summer—well 
illustrated by Washington northern solstice—the sp-min f°F2 curves are charac- 
terised by a maximum near 20h, a rapid night decline, and deep presunrise 
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minimum. In winter—well illustrated by Watheroo northern solstice—the sp- 
min f°F2 curves have opposite characteristics, a minimum near 20 h, a rise during 
the night, and a presunrise maximum. Most of the diurnal variations show some 
evidence of these characteristics in either the summer or the winter form, but 
the characteristics disappear at some intervening season. 
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Fig. 3. Seasonal variation of D. 


Table 2. Measurements of index D representing sunspot minimum anomaly 
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As the anomaly is consistently more severe at R = 0 than R = 100 it may be 
measured quantitatively by means of the difference between these two curves. 
The difference curves show the characteristics of the anomaly rather clearly, and 
show in particular that we can measure it by one index with positive and negative 
values. To make such a measurement we proceed, somewhat as in a harmonic 
analysis, to measure ordinates at the expected maxima and subtract ordinates at 
the expected minima. Our difference curve index D was obtained by adding 
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ordinates at 4h and 15h and subtracting those at 9h and 20h. Summer type 
anomalies have positive values, and the scale of the index is such that for D = +10 
and —10 the logarithmic difference curves are given in Fig. 5. With the exception 
of the arctic station at Fairbanks, where D ~ 0, all stations vary in the sense that 
D(summer) > D(winter). 

The monthly curves have been examined to obtain the run of D throughout 
the year, and these values are shown in Table 2 and Fig. 3. The annual variation 
are in the form of cosine waves with no appreciable change of phase. Hence the 
characteristics of the annual D variation may be represented by an amplitude 
and a mean value. The last two columns of Table 2, the range of D, i.e. the 
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Fig. 4. Variation of D with latitude and longitude. 


northern solstice minus southern solstice value, and the yearly mean D, give a suit- 
able representation. They have been plotted against geographic and geomagnetic 
latitude and geographic longitude in Fig. 4. The results for the ten stations 
studied in detail have been supplemented by a visual examination of the sp-min 
f°F2 curves of 20 other stations and the results given in Table 3. These eye 
estimates are shown as crosses in Fig. 4. 

It is seen that the range of D changes fairly regularly from zero in the arctic 
to a constant value at mid latitudes, and a change of sign at the equator. A 
representative symmetrical curve is fitted to the values in Fig. 4, and fits geo- 
graphic and geomagnetic latitudes equally well. No systematic change of the 
range in D with longitude is found or expected. 

The mean of D is a decided characteristic of the diurnal f°F2 variation; for 
example, it represents the main difference between the Washington and San 
Francisco curves. Nevertheless there is no very apparent regularity in this value 
which is also plotted in Fig. 4. There is some tendency for the values to follow the 
curves drawn, but these are not symmetrical with latitude or longitude and are 
quite uncertain. However, the reality of the variations in mean D is assured by 
the similarity of results for near stations such as Washington and Ottawa, San 
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Table 3. Eye estimates of D from diurnal f° F2 curves 








: Geographic |  Geomag. 
Station Lat. Long. | Lat. 





Burghead | 55°°7 N 3°°5 W 
Great Baddow | 51°7N 0°:5 E 
Ottawa 45°-4N 75°-7 W 
Stanford 37°°-4N 122°-2W 
Churchill 58°83 N 94°-3 W 
College 64°9N 147°3 W 
Delhi 28°-6 N 17°°2 E 
Trinidad 10°-6N 61°-3 W 
Reykjavik | 64°1N 21°°-7 W 
Baffin Is. 70°5N 68°:6 W 
Sverdlovsk 56°°8 N 61° 1E | 
Madras | 13°-0N 80°:2 E | 
Tykhi Bay ‘3N 52°8E 
Moskow °-8N 37°6E | 
Christmas Is. 2°O0N 157°°0W 
Kermadec Is. °2S 177°-9 W 
Christchurch °5S$ 172°6E 
Campbell Is. °-O 169°-0 E 
Simontown °9$ 18°°7 E 
Cape York '11°0S 142°4E 











Francisco and Stanford, Trinidad and San Juan, Great Baddow and Burghead, 
Canberra and Brisbane. Apparently the variation of mean D forms no simple 
world-wide pattern, and is too complicated to be revealed by the 30 stations 
available at the last sp-min. 

Fig. 5 shows mean difference curves for stations with well developed positive 
(summer) and negative (winter) characteristics. The scale of the variations is 
adjusted to represent D = +10 and —10 on our scale. The positive and negative 
difference curves are almost mirror images. Both have maxima or minima at 
04 h and 19 h 30 m local time and a suggestion of secondary maxima and minima 
at 9h and 15h. These curves are dominated by stations at middle latitudes but 
the tropical station at Huancayo is of similar positive type. On the other hand the 
Maui curves are abnormal and show that the world picture of the sunspot minimum 
anomaly is not quite as simple as implied. 

The level of the difference curve when there is no anomaly (D = 0) represents 
the main sp-cycle variation of f°F2. The mean log height is 0-23, giving an f° F2, 
R= 100/R = 0 ratio of 1-70. The variations from this mean value appear to be 
random. 

4. CorREecTED Sunsport Maximum CURVES 


There is no accurate means of determining the amount of sp-min anomaly retained 
in the f’F2 curves at sp-max. However, the characteristic peaks and hollows 
near 4h and 20h have been sought in the diurnal curves and it is estimated that 
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there is about 20% as much of this type of variation in the sp-R = 100 logarithmic 
f°F2 curves as in those for sp-R = 0. This small amount of variation may be 
eliminated by subtracting 25% of the variable part of the difference curves. 
The result of this correction is shown in Figs. 1 and 2 where it is seen that 
the changes introduced by it are quite unimportant. 

A normal diurnal f° curve controlled by solar ionisation and steady electron 
recombination would have a smooth maximum between noon and 18 h and would 
descend smoothly to a single minimum near sunrise. It might be expected to have 
approximately the same range (logarithmically) in summer and winter. There 
appear to be two main departures from this ideal which we might call (a) the sunrise 
anomaly, and (b) the diurnal range anomaly. 
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Fig. 5. Difference curves for D = +10 and Fig. 6. Log departure from normal f°F2 curve 
D = —10. (Ordinates are in log; ) for S = 5 and ground sunrise at 6 h. 








(a) There is a widespread characteristic wave in f?F2 near sunrise. About one 
hour before ground sunrise there is a rather sharp minimum followed about 4 
hours later by a maximum. The logarithmic departure from the expected curve 
for a 6h sunrise is shown in Fig. 6. Eye estimates S of the magnitude of this 
effect have been made from Figs. 1 and 2 and from a number of sp-max diurnal 
curves of other stations near the equator. The scale is such that the curve of Fig. 
6 has the value S = 5. The values of S are given in Table 4 and plotted against 
latitude in Fig. 7. The points are fitted to symmetrical mean curves and it is 
seen that S is small in summer, large in winter, and large throughout the year 
near the equator. The effect never appears to be negative. It follows geomagnetic 
latitude somewhat better than geographic. 

(b) When the sunrise anomaly has been extracted there is still much change in 
the magnitude of the diurnal variation which is small in summer, large in winter, 
and small at the equator. A measure V of the diurnal variation is given by the log 
ratio max/min measured on the f®F2 diurnal curves from which S has been 
extracted. The values of V are also given in Table 4 and fitted to symmetrical 
curves in Fig. 7. 

The sp-R = 100 logarithmic diurnal curve for any latitude and season could be 
reconstructed from S and JV in the following manner. Draw a curve with a broad 
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maximum at 15h, a smooth decline to a minimum near F2 sunrise at which time 
f° is half its maximum value, and then a smooth rise to the maximum. On to this 
superimpose a curve }(0-3 — V) cos 15t® where ¢ is the time in hours and 0:3 is 
taken as the mean value of V, then superimpose the appropriate correction for S 
using Fig. 6. Curves constructed in this way will bear the main characteristics 
of the f° diurnal variation. For other values of R one could assume a linear relation 
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Fig. 7. Variation of S and V with latitude. The curves are smoothed from the individual values. 


between f° and F and use the difference curve index D to determine the magnitude 
of the variation. 

Any study of the variation of f°F2 with locality and season must face the 
difficulty of selecting the appropriate time of day for the measurements. It 
appears that when the diurnal range is great the noon values are abnormally high, 
and vice versa. We should obtain more representative values of f°F 2 if the varia- 
tions in diurnal range were extracted. From log f°F2 at diurnal maximum we 
therefore subtract 4(V — 0-3) to obtain the diurnal maximum corrected for 
variations in the diurnal range. Values have been obtained from Figs. 1 and 2 
and are supplemented by measurements from a number of tropical stations in the 
years 1948-49. These latter values are decreased 15% to bring them to R = 100. 
Values are given in Table 4 and plotted in Fig. 8. Summer values tend to be greater 
than winter but the difference is not large nor very systematic. The change of 
critical frequency with latitude is fairly clear and seems to follow geomagnetic 
latitude somewhat better than geographic. The relation between equinoxial 
noon f°F2 and geomagnetic latitude reported by APPLETON [3] will be seen to 
agree with the results of Fig. 8 when combined with the V range variations of Fig. 7. 

As the corrections S and V are not based on any physical reasoning it may be 
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useful to determine mean diurnal f°F2 curves without extracting these factors. 
In equatorial regions the curves are too complicated to justify making a mean but 
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Variation with latitude of daily maximum f°F2 corrected for variations of S and V, at 


Fig. 8. 
R = 100. 


in mid latitudes they run to a fairly regular pattern. Fig. 9 shows mean curves 
which should represent a hypothetical station at geographic latitude 35° or 
geomagnetic latitude 40°, sp-R = 100, and with only the small sp-min anomaly 


extracted. 
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Diurnal variation of f°F2 at sp-max for mid latitude stations. 


5. VARIATIONS IN h’ F2 


The curves for the diurnal variation of the virtual height h’ F2 set out in Figs. 
1 and 2 do not reveal any clearly systematic differences between sp-max and sp- 
min. From the diagrams we find the following height statistics. 





Cases when h’F was higher F1 noon | F midnight F2 noon 





at sp-max than sp-min 20 14 9 
at sp-min than sp-max 6 9 19 


t 











When we consider that group retardation by F1 will tend to raise the measured 
noon values of h'F2 at sp-min we may conclude that there is a slight general 
tendency towards greater actual heights at sp-max than at sp-min. 
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Table 4. Anomalies S and V, and f°F2 at sp-R = 100, N = Northern Solstice, 
Eq = Equinox, S = Southern Solstice 





Geo- Corrected Max. f°F2 
Geograph. mag. S j (R = 100) 
Station Lat. Long. Lat. f y y } y N Eq S 





Me/S 
78 7:3 
11-2 10-8 
8-7 8-2 
10-3. 8-2 
11:3 9-6 
11-8 11-1 
12-8 13-4 
11-2 11:3 
0-23 3. 10-7 10-7 
0-11 ‘9 11:3 10-7 
0:38 10-0 
0-45 10-0 
0-48 11-0 
0-18 0-38 : 11-2 
0-18 0-23 . 11-2 
0-26 0:32 . 12-3 
0-26 0-26 , 12-0 
0-23 0-23 11-4 
0-53 0-32 


Fairbanks 
Washington 
San Francisco 
Baton Rouge 
San Juan 
Maui 
Huancayo 7 —] 
Brisbane — 36 
Watheroo —42 
Canberra —44 
Trinidad +22 
Delhi +19 
Chungking +18 
Okinawa +15 
Caleutta +12 
Palmyra +6 
Guam +4 
Leyte 0 
Johannesburg —27 


woo K oof DO Nw WS © 


Owe Were COCK POR OK DOF KO 
KH IADAAAIA A Od — — DP WW PP CO 




















The day time maximum of h’ F2 is somewhat earlier at sp-min than sp-max, 
but this is almost certainly due to the effect of group retardation on the sp-min 
curves. The f°F1 curves are not shown on the diagrams but the noon values are 
given and one may easily visualise when and where the f°F'1 and f°F2 curves will 
come close to one another. These are the occasions when h’F2 is increased by 
group retardation. They tend to occur before noon. 

The only h’ F2 features that vary conspicuously with the sp-cycle are the sharp 
maxima near 4h, 12h, and 20h at tropical stations. Apparently the tendency 
is for a maximum at only one of these times. Similar maxima have been noticed 
at 20h in the sp-max curves of Palmyra, Guam, and Singapore, and one might 
conclude that they are a feature of all localities with a magnetic latitude of less 
than 10°. The 4h and 20h maxima occur more at sp-max than sp-min and do 
not appear to correlate with any f°F2 anomalies. 

Since the sp-min anomaly has f°F2 maxima and minima near 4 h and 20 h one 
might expect at these times to find some sp-min h’ F2 features that would correlate 
with D. No definite features have been found, but there is a correlation in the 
sense that the midnight maximum of h’ F2 comes later at sp-min than at sp-max 
when D is positive. This is best demonstrated from our data by comparing h’ F2 
in the evening (18 h-24 h) with the morning (0 h-6h) at sp-max and sp-min. 
Measurements are given in Table 5. In Fig. 10 we use the height change index 
sp-min evening + sp-max morning — sp-min morning — sp-max evening, and 
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compare it with the sp-min anomaly D. Huancayo and Fairbanks are evidently 
disturbed by other features but otherwise there is a fairly close relation. 

The most consistent feature of the h’ curves is the increased mid-day height 
in summer as compared with winter. Mean curves for mid latitude stations are 
shown in Fig. 11. There can be little doubt that great summer heights are physically 
associated with the smallness of f°F2 at the same time (see Fig. 9). The noon 


Table 5. h’F2 in the early morning (Oh—-6h mean) and evening (18h—-24h mean) morn. = 
morning, ev. = evening, diff. = morn-ev, ch. = height change index = sp-min-ev + sp- 
mazx-morn — sp-min-morn — sp-mazx-ev. 





N. Solstice Equinox S. Solstice 





diff 











Fairbanks | sp-max 
| Sp-min 


Washington |sp-max 
sp-min 


San sp-max 
Francisco | sp-min 


Baton sp-max 
Rouge sp-min 


Maui sp-max 
sp-min 


Huancayo j|sp-max 
sp-min 


Brisbane sp-max 
sp-min 


Watheroo jsp-max 
sp-min 


Canberra sp-max 
sp-min 

















values of h’ F2 correlate negatively with the critical frequency range V, but this 
is probably only another manifestation of the correlation between —f® and h,,,,, 


where h,,,, is the true height of maximum electron density. 
Besides the daytime maximum in h’F2 Fig. 11 gives indications of a night 
maximum. This has been studied by MarTyYN [4] who found the maximum to occur 
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later in the winter than the summer. The time of the maximum cannot be judged 
accurately from Figs. 1 and 2, but instead the morning (0 h—6 h mean) and 
evening (18 h-24 h mean) heights have been measured. These are given in Table 
5. A positive difference morning-evening, implies that the maximum occurred 
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Fig. 10. Change of h’ in evening (18 h-24 h) and morning (0 h-6 h) at sp-min as compared with 
sp-max plotted against sp-min anomaly. Positive height change means sp-min ev + sp-max 
morn > sp-min morn + sp-max ev. 


later than midnight. It is found that at sp-max the winter values are consistently 
more positive than the summer values (mean excess = 22 km), but at sp-min 


this effect is zero. 
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Fig. 11. Diurnal variation of h’F2 at mid latitude stations. 


The sunrise anomaly S in f°F2 does not appear to correlate with any h’ feature 
near sunrise. However there is a correlation in the sense that when S is large 
there is only a small daytime increase of h’. 


6. DIscUSSION 


There is no doubt that the quantitative measurement of the three anomaly indices 
D, S, and V, and other world factors of F2 displayed in the foregoing sections, 
could be put to good use if they were understood physically. The observations 
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do not lend themselves to straightforward explanation, but we will derive what 
conclusions we can from them. 

The sp-min anomaly shows the existence of a world-wide F2 layer oscillation 
that is much greater at sp-min than sp-max. The anomaly is characterised by 
adjacent decreases and increases of f°F2 (e.g. sp-min winter evenings). Such an 
effect cannot be explained by either (a) a sudden supply of electrons, since that 
would not account for their disappearance just before (or just after) the increase, 
nor (b) a sudden change in rate of disappearance of electrons, since that would not 
account for the electron increase just after (or just before) the decrease. It appears 
rather that the effect must be due to a dilution and concentration of the electrons 
existing in the layer. Such changes could be made by movements in the ionosphere. 
If the movements were the same at sp-max as at sp-min then the features of the 
effect as seen in Figs. 1 and 2, where f°F2 is on a logarithmic scale, would not 
change with the sp-cycle. The fact that the features are much stronger at sp- 
min than sp-max must mean that the movement is much greater at sp-min. The 
regularity of the features suggests that the movement is an oscillation stimulated 
by periodic heating or by tidal forces. These would be the same (in any case not 
less) at sp-max as at sp-min, and the fact that the anomaly is small at sp-max 
shows there must be a high resistance to the motion at that time. Probably the 
oscillation is electrically or magnetically damped by the higher charge density 
or conductivity of sp-max. As evidence supporting this suggestion we note that 
when the features of the sp-min anomaly are visible in the sp-max curves (e.g. 
San Francisco winter evening) they are retarded by an hour or more. The anomaly 
has a reversal of phase between summer and winter and between northern and 
southern hemispheres which is similar to the 8-hourly ground oscillation of the 
atmosphere [5]. However in the sp-min anomaly the main maximum and minimum 
are 8 hours apart and the oscillation does not appear to be a harmonic. It appears 
rather that the curves of Fig. 5 are composed of a day part having no special 
tendency to vary but fitted on to a night part that tends to increase or decrease 
steadily. When night f° is decreasing (more rapidly than normal), i.e. when D is 
positive, h’ is increasing and has the effect of making the midnight maximum 
appear later (relative to D = 0 or to sp-max conditions). 

The sunrise anomaly appears to have the character of an oscillation or wave 
associated with sunrise. It does not vary systematically in phase or magnitude 
with the sunspot cycle and therefore has a different physical mechanism from the 
sp-min anomaly. One would expect it to be associated with the heating of the 
ionosphere by solar radiation. At the effective wavelengths the intensity of 
radiation is greater at sp-max than at sp-min, and this may counterbalance any 
tendency towards increased electrical damping at sp-max. 

There does not appear to be any straightforward way of fitting the observed 
F2 anomalies into Martyn’s tidal theory [4]. The sp-min anomaly shows some 
superficial similarity to tidal predictions but there is no agreement in detail and 
the complete reversal of the anomaly with season is not explained. It is difficult 
to reconstruct tidal movements that could produce the results found. 

The daily variation anomaly V should be explained in terms of the relation 
between critical frequency and layer height whereby abnormally low f°F2 is 
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associated with greater h,,,,. The explanation of this effect constitutes one of the 
urgent ionospheric problems. There are two extreme outlooks. The first suggests 
that the F2 region is not a proper layer whose lower boundary is caused by 
exhaustion of ionising radiation, but is the higher region of the F1 layer and is 
distinguished from it by a much lower electron loss rate [6], [7]. The rate of 
ionisation would decrease with height (being proportional to pressure) and this 
might account immediately for the decrease of f° with h,,,, The explanation would 
imply that within the F2 layer the electron loss rate is almost independent of 
height. On the other hand Ratcuirre’s observations [8] would suggest that this 
view is not necessary. He finds the decrease of f® with increased h,,,, can 
be accounted for by the observation that the layer width increases very greatly 
with increased h,,,,, and hence, for a given total electron content, f° will decrease 


with increased h,,,, or h’. 


We may obtain some information on the rate of electron loss from the fact that 
the sp-cycle variations of f° F2 are greater than f°F1. If we assume with BRADBURY 
[6] and Barks [7] that both layers are ionised by the same band of radiation, the 
sp-cycle changes in the ionising radiation must be the same, and the difference in 
the f° change must be due to a difference in the electron loss formula. The results 
point strongly [1] to an F2 electron disappearance rate of dN ,/dt = —fN,. This 
suggests an attachment process, but in that case the disappearance rate would be 
proportional to gas pressure in disagreement with the f°-A,,,, relation. The 
observations therefore point to an electron decay formula that is not supported 
by recombination theories [9]. A somewhat similar conclusion may be reached 
by following RATCLiIFrE’s approach to the F2 problem [8]. 

From the discussion it can be seen that ionospheric observations are not yet 
amenable to consistent explanation. The results of the present paper do not 
appear to improve the situation, but they are too regular and world-wide to be 


neglected. 
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ABSTRACT 


This continues a paper in which the author (1953) calculated the radiation of thesolar coronain thespectral 
region of soft x-rays, as reported in Part I. In Part II, the effect of that radiation in the earth’s 
atmosphere is studied, in particular the height at which the radiation is absorbed, and the number 
of electrons in case of equilibrium between ionisation and recombination. The results obtained agree 
well with the normal £-layer. 


Die vorliegende Untersuchung schlieBt an eine andere Arbeit des Verfassers (ELWERT, 1953) an, in 
welcher die Strahlung der Sonnenkorona im Gebiet weicher Réntgenstrahlen berechnet wurde. Hieriiber 
wird zunachst in Teil I berichtet. 

Aufgabe der Arbeit ist es, die Wirkung dieser Strahlung in der Erdatmosphare zu untersuchen. Dabei 
interessiert besonders die Héhe, in der die Strahlung absorbiert wird und die Zahl der im Gleichgewicht 
von Ionisation und Rekombination vorhandenen Elektronen. Die erhaltenen Ergebnisse passen gut 
zur normalen ionospharischen E-Schicht. Dies wird in Teil II ausgefiihrt. 


Diz STRAHLUNG DER SONNENKORONA IM GEBIET WEICHER 
RONTGENSTRAHLEN 


Die Berechnung der Strahlung, die der vorliegenden Arbeit zu Grunde gelegt 
wird, geht aus von unseren Kenntnissen tiber den Aufbau der Sonnenkorona 
(SIEDENTOPF, 1950). Diese beziehen sich insbesondere auf die Elektronendichte 
der Korona, die aus dem Helligkeitsverhaltnis Korona-Sonne ermittelt werden 
konnte sowie ihre Temperatur, wie sie aus dem Intensititsverhaltnis zweier 
Emissionslinien der Korona zu erschlieBen ist. Ferner kann fiir die chemische 
Zusammensetzung auf Grund der Ergebnisse der quantitativen Spektralanalyse 
die kosmische Haufigkeit der Elemente verwendet werden. 

Fiir die Theorie der Temperaturbestimmung und der Strahlungsemission sind 
die Wirkungsquerschnitte der atomphysikalischen Elementarprozesse der Ionisa- 
tion, Rekombination und Anregung wesentlich. Die ersten beiden gehen bereits 
in die Ionisationsformel der Sonnenkorona ein. Da die Sahagleichung auf die 
Korona nicht anwendbar ist, mu namlich der Mechanismus des Ionisations- 
gleichgewichts untersucht werden. Im stationiren Zustand ist, wovon schon 
BIERMANN (1947), v. d. R. WooLLey und ALLEN (1948) und Miyamoto (1950) 
ausgegangen sind, die Zahl der StoBionisationen gleich der Zahl der Photorekom- 
binationen. In einer friiheren Arbeit des Verfassers (ELWERT, 1952) wurden die 
Wirkungsquerschnitte fiir diese Prozesse genauer diskutiert. Bei den StoBioni- 
sationen wurden wellenmechanisch gerechnete und experimentell gepriifte Werte 
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herangezogen, bei den Photorekombinationen wurden die Beitrige hdherer 
Schalen beriicksichtigt. Mit Hilfe der Ionisationsformel wurde dann das Haufig- 
keitsverhaltnis von Fe X zu Fe XIV in Abhangigkeit von der Temperatur ermittelt. 
Umgekehrt kann aus dem beobachteten Intensititsverhiltnis der roten und 
griinen Koronalinie auf die Haufigkeit dieser beiden Ionen und damit auf die 
Temperatur der Korona geschlossen werden. Bei gleicher Intensitaét der genannten 
Linien ergibt sich eine Temperatur von etwa 7-10° Grad, die je nach dem Intensi- 
tatsverhailtnis um etwa 10° Grad schwankt. Eine Anderung der Temperatur 
ungefahr um diese GroBe findet im 11-jaéhrigen Zyklus der Sonnenflecken statt. 
Die Temperaturen sind in guter Ubereinstimmung mit den aus Messungen der 
Koronastrahlung im Radiofrequenzgebiet erschlossenen (REULE, 1952). Fiir 6-10° 
Grad und 7-105 Grad wurden dann mit Hilfe der Ionisationsformel Relativwerte 
der Besetzung der Ionisationszustande von H, He, Ne, O, N, C, Fe, Mg, Si und S 
ermittelt. Zur Bestimmung der Ionendichte wurde die Haufigkeit dieser Elemente 
nach der quantitativen Analyse der Sonnenphotosphire von UNS6LD (1948) und 
die Elektronendichte nach der BaumBacHschen Formel (1931) verwendet. 
Da die Zahl der Elementarprozesse der Ausstrahlung proportional zur Ionendichte 
und Elektronendichte ist, sind diese GroBen der Ausgangspunkt fiir die Berechnung 
der Emission der Korona im Gebiet weicher ROntgenstrahlen; sie wurde in einer 
anderen Arbeit des Verfassers (ELWERT, 1953) ausftihrlich untersucht. Infolge 
der raumlichen Dichteschwankungen in der Korona ist mit einer Unsicherheit 
um einen Faktor Q zu rechnen, der Werte zwischen 1 und etwa 2 annehmen kann. 

Die bei den Photorekombinationen der freien Elektronen mit den hochioni- 
sierten Atomen der Korona entstehende kontinuierliche Ausstrahlung ergibt ein 
Emissionsspektrum, in dem die Kante von He III bei 228 A und Kanten der 
schwereren Elemente bei etwa 50 A hervortreten. Die letzteren iiberwiegen die 
Strahlung des Wasserstoffs bei diesen kurzen Wellenlangen um zwei GrdBenord- 
nungen. Fir die Strahlungsintensitat des He-Grenzkontinuums wurde in Erdent- 
fernung etwa 8-10-3 Q erg/cm? sec, fiir die der schwereren Elemente etwa die 
Halfte gefunden. 

GréBere Intensitét als das Kontinuum enthalt die Linienemission. Ihre 
Anregung kann durch Rekombination in héhere Schalen und durch Elektronen- 
st6Be erfolgen, wobei der letztere Vorgang der wirksamere ist. Zur Berechnung 
der Wirkungsquerschnitte fiir StoBanregung wurde von der wellenmechanischen 
Bornschen StoBtheorie ausgegangen. Ihre Resultate sind fiir StoBionisationen bis 
zu Elektronenenergien wenig oberhalb der Ionisationsenergie in guter Uber- 
einstimmung mit experimentell aufgenommenen [onisierungsfunktionen fiir hohe 
Ionisationsenergien. Bei der StoBanregung kann man sich auf Uberginge zwischen 
dem Grundniveau und der ersten angeregten Schale beschranken. Die Wellen- 
langen dieser Uberginge wurden fiir die hochionisierten Atome der Korona auf 
Grund ihrer Wasserstoffihnlichkeit aus den Ionisationsenergien berechnet und 
mit den Werten verglichen, die aus den Energiedifferenzen experimentell er- 
schlossener Terme folgen. Bei der Linienemission der Korona wurde schlieBlich 
die Selbstabsorption beriicksichtigt, wihrend von der Absorption des Kontinuums 


abgesehen werden kann. 
Die Rechnungen fiihrten zu einem Spektrum der Korona, das in Abbildung 
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1 fiir 6-10° Grad und in Abbildung 2 fiir 7-10° Grad dargestellt ist. Der Hauptbeitrag 
der Linien liegt in der Nahe von 90 A; ihr Energieinhalt ist in beiden Fallen in 
Erdentfernung etwa 0,06 Q’ erg/em? sec. Dabei enthalt der Faktor Q’ die bereits 
angegebene Unsicherheit @ durch die Dichteschwankungen der Korona, wie die 
etwa ebenso grosse Unsicherheit der Wirkungsquerschnitte fiir StoBanregung. 
Zum Vergleich ist der Beitrag der Grenzkontinua bei den Wellenlangen eingetragen, 
die den Kantenfrequenzen entsprechen. 











| | | 
| | 
i 


He 














| 
| 
0 
| 
| 
| 
































| 
| 
| 
| 
| 
| 














Ath 


Abb. 1 und 2. Spektrum der Sonnenkorona fiir 6-105 Grad und 7-105 Grad. Strahlungsintensitat 
in Erdentfernung J, dividiert durch Q’. Die kontinuierliche Strahlungsintensitat ist fiir die 50 
Gruppe und He durch Kreise eingezeichnet. 


Fig. 1 and 2. Spectrum of the solar corona for 6-10° °K and 7-105 °K. Intensity of radiation J in 
the distance of the earth, divided by Q’. The intensity of the continuum for the 50A group and 
He is denoted by circles. 


2. BILDUNG DER NORMALEN IONOSPHARISCHEN E-SCHICHT 


ms 


Es ist heute auf Grund des jahres- und tageszeitlichen Verlaufs der Elektronen- 
konzentration, ihrer Lingen- und Breitenabhaingigkeit, sowie auf Grund von 
ionosphiarischen Beobachtungen bei Sonnenfinsternissen als gesichert anzusehen 
daB jedenfalls die normale Z- und die F’,-Schicht von einer solaren Wellenstrahlung 
herriihren.* Von dieser sind folgende Eigenschaften zu fordern: sie mu einmal 
die notige Energie zur Bildung der Ionen liefern, zum andern muB die Strahlung 
in der richtigen Hohe wirksam werden; schlieBlich soll sie die Variation der 
Elektronendichte im 11 -jahrigen Zyklus der Sonnenflecken erklaren. 

Zunachst ist die Wellenlange der ionisierenden Strahlung durch die Ionisations- 
energien der in Betracht zu ziehenden Prozesse nach oben hin begrenzt. Es gilt 


0O,>0O,t++e ~¥>12,2eV dh.a<1000A 
O—-O+t +e 213,6eV 910A 
Ne>Nt+e 2>15,5eV 795 A 
N—>N+ +e 2145eV 850 A 
Es kommen also von vornherein nur Wellenlangen unterhalb von 1000A in 


Betracht. Die von der Photosphire gelieferte Strahlungsintensitat im fernen 
Ultraviolett unterhalb dieser Wellenlange ist nun, wie schon seit laingerer Zeit 


| 


A WA HA | 


* (vgl. ZENNECK, 1949, RAWER, 1953) 
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bekannt ist, um mehrere Zehnerpotenzen kleiner, als zur Bildung der ionosphar- 
ischen Schichten erforderlich wire. Deshalb hat K1rPENHEUER (1945) die Strah- 
lung der Sonnenkorona in diesem Wellenlingenbereich untersucht, dabei aber nur 
die kontinuierliche Emission des Wasserstoffs in Betracht gezogen. Er erhielt 
daher selbst bei einer angenommenen Vergré8erung der Emission um zwei Zehner- 
potenzen, die einer Erhdhung der BaumsBacuschen Elektronendichte um den 
Faktor 10 entspricht, nicht die erforderliche Strahlungsenergie. V. Dp. R. WOOLLEY 
und ALLEN (1948) fanden dagegen bei einer Abschaitzung der Linienemission 
einiger Elementgruppen mit einem Ansatz fiir den Wirkungsquerschnitt fiir StoBan- 
regung eine sehr viel héhere Gesamtemission der Korona unterhalb 1000 A von 
6-1026 erg/sec, die einer Intensitaét in Erdentfernung von 0,2 erg/cm? sec entspricht. 
Der Hauptbeitrag kommt dabei von einem Ubergang innerhalb der L-Schale 
von MgX, fiir den die beiden Autoren auf Grund einer Extrapolation der Term- 
differenzen Lithium-ahnlicher Spektren eine Energiedifferenz von 20 eV fanden, 
die einer Wellenlange von etwa 600 A gleichkommt. Diese Strahlung wiirde also 
in dem Energiebereich wenig unterhalb der obengenannten Ionisationsenergien 
liegen und damit etwa den Vorstellungen iiber die wirksamen Wellenlangen von 
Buar (1938) entsprechen. Die von v. p. R. WooLtey und ALLEN berechnete 
Strahlungsenergie wiirde andererseits die erforderliche erheblich tibertreffen. 
Dies liegt offenbar daran, da der von diesen Autoren verwendete Ansatz fiir 
den Wirkungsquerschnitt zu hohe Werte liefert, wie auch im Fall des Ubergangs 
zwischen verschiedenen Schalen durch wellenmechanische Rechnungen (ELWERT, 
1953) gefunden wurde. Wenn sich eine Strahlung von etwa 600 A mdglicher- 
weise bei genauerer Rechnung in der erforderlichen Intensitaét ergibt, so wirde 
sie aber zum Verstaéndnis der H-Schicht nicht geeignet sein, da sie schon in 
grOBerer Hohe absorbiert wird und damit der zweiten der oben gestellten Bedin- 
gungen nicht geniigt. 

Ionospharische Beobachtungen ergeben fiir die E-Schicht eine Hoéhe von 
etwa 120 km. Kennt man die durchsetzte Luftmasse und den von der Wellenlinge 
abhingigen Absorptionskoeffizienten fiir Luft, so kénnen Riickschliisse auf die 
Frequenz der ionisierenden Strahlung gezogen werden. Unter der Annahme einer 
Partikeldichte in der E-Schicht von 6-10!2/em%, wie sie aus Modellvorstellungen 
der hohen Atmosphiare folgte, wurde von SIEDENTOPF (1948, 1950) und von HoyLe 
und Bates (1948) auf eine Strahlung von etwa 30A geschlossen. Neuerdings 
konnten nun bei Aufstiegen von V2-Raketen von Havens, Koti und La Gow 
(1952) experimentelle Werte fiir den Druck in der hohen Atmosphare bis zu 160 km 
Hohe gewonnen werden, aus denen auch Dichte und Temperatur folgen. Diese 
Aufstiege fanden in White Sands in New Mexiko in 32° nordlicher Breite und 106° 
westlicher Linge statt. Die erhaltenen Resultate sind in der folgenden Tabelle 
fiir die interessierenden HoOhen angegeben. 

In der Hohe der E-Schicht ist die Dichte also merklich geringer, als erwartet 
wurde. Infolgedessen wiirde eine Strahlung von 30A zu tief eindringen; die 
Ionisationsursache muB also eine Strahlung etwas grOBerer Wellenlange sein. 
Sie soll nun unter Verwendung der oben angegebenen Drucke ermittelt werden. 

Die in einer bestimmten Hohe h in einer Schicht der Dicke Ah absorbierte 
Energie AF ist proportional zur Strahlungsintensitaét J in dieser H6he, zum 
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Molekildichte Temperatur dquiv. 
Druck Dichte N °K Schichtdicke 


mmHg g/m’ em-3 (N,0.) (N,,0) cm 





1,0:10-2 2,5-10-2 6-104 190 
1,9-10-3 4,0-10-3 1014 210 
4,2:10-4 8,0-10-4 2-10918 240 
210-4 2,0-10-4 4-1912 270 
3,5-10-5 5,0-10-5 1012 330 
1,5-10-5 2,0: 5-104 390 
7,0-10-6 ): 2-104 450 
3,0-10-8 3,0- 7-1910 510 3,2-10-3 

















Massenabsorptionskoeffizienten K und der Dichte p. Fiihrt man den Absorptions- 
koeffizienten je cm durchstrahlte Schichtdicke von Luft unter Normalbedingungen 
« ein, so kann man auch schreiben 


AE = KpIAh = «(p/p )IAh (1) 


Im Falle einer Atmosphire konstanter Temperatur erhilt man eine CHAPMAN- 
Schicht; bei ihr ergibt sich maximale Absorption in der Hohe, in der die Strahlungs- 
intensitét auf den e-ten Teil ihres extraterrestrischen Wertes abgesunken ist 
(CHAPMAN, 1931). Da die Temperatur innerhalb einer Schicht von etwa 10 km 
Dicke, in der sich das Maximum ausbildet, nicht sehr stark variiert, gilt dies in 
guter Naherung auch fiir eine nicht isotherme Atmosphire. Die Hohe des Ab- 
sorptionsmaximums ist also durch die Bedingung bestimmt, da8 das Produkt 
aus durchstrahlter Materie und Absorptionskoeffizient 1 ergibt. 
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Abb. 3. Absorptionskoeffizient «, bezogen auf 1 cm Luft unter Normalbedingungen und effektive 
Schichtdicke D der Atmosphare. Aus der Abb. ist der Zusammenhang zwischen Wellenlange und 
H6he maximaler Absorption zu ersehen. 


Fig. 3. Coefficient of absorption « for a layer of 1 cm of air under normal conditions and effective 
thickness of the atmosphere. From the figure the connection between wavelength and height of 
greatest absorption can be seen. 
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Nun ist die durchstrahlte Luftmasse durch den Druck und den Einfallswinkel 
gegeben. Rechnet man den Druck auf die Dicke einer Luftsiule unter Normal- 
bedingungen D um, so erhilt man die in der letzten Spalte der Tabelie aufgefiihrten 
Werte. Sie ergeben die auf der rechten Seite von Abb. 3 eingezeichnete Kurve. 
Andererseits ist der experimentelle Absorptionskoeffizient fiir Luft nach SCHNEIDER 
(1940) und SrepENTOPF (1948, 1950) in Abhingigkeit von der Wellenlinge auf 
der linken Seite derselben Abbildung wiedergegeben. Er ist bezogen auf Luft 
unter Normalbedingungen von | cm Schichtdicke. Fiir einen Sonnenstand von 
45° ist er noch um einen Faktor V2 gegeniiber der S1teEDENTOPF’schen Kurve 
vergrOBert. Sowohl die Luftmasse als der Absorptionskoeffizient sind in demselben 
logarithmischen Mass aufgetragen und zwar letzterer nach oben positiv, erstere 
nach unten positiv. Es sind also fiir jede Ordinate die Logarithmen der beiden 
GroBen entgegengesetzt gleich. Geht man nun von einer bestimmten Wellenlange 
aus, so kann man zuniachst links den Absorptionskoeffizienten ablesen. Sein 
reziproker Wert erscheint auf der rechten Ordinate und ergibt zugleich die 
Schichtdicke, die die Strahlung durchsetzen mu, bis maximale Absorption 
auftritt. Die dazugeh6rige Hohe der Atmosphire kann auf der rechten Abszisse 
abgelesen werden. Wie man sofort sieht, wird Strahlung einer Wellenlange von 
600 A weit oberhalb der E-Schicht absorbiert: umgekehrt fiihrt eine HOhe von 
120 km auf eine Wellenlange von etwa 90 A. Die bei der Berechnung der Korona- 
strahlung gefundene Wellenlinge maximaler Intensitaét wird also gerade in der 
Hohe der E-Schicht Ionen bilden. 

Die Absorption in Abhiangigkeit von der H6he kann nach Formel (1) bestimmt 
werden, und zwar empfiehlt sich die Anwendung eines einfachen graphischen 
Verfahrens, da die CHapMaANschen Absorptionskurven nur fiir eine isotherme 
Atmosphare gelten. Aus der effektiven Schichtdicke oberhalb einer bestimmten 
Hohe D und dem bekannten Absorptionskoeffizienten ist zunachst die Strah- 
lungsintensitat 

Puig” (2) 


zu berechnen. Sie ist unter Verwendung des Absorptionskoeffizienten « ~ 25 
fiir Strahlung von etwa 90 A in logarithmischem Ma8 in Abhiangigkeit von der 
Hohe in Abb. 4 dargestellt. AuBerdem ist in derselben Abbildung ebenfalls in 
logarithmischem MaB die Dichte der Luft in Einheiten ihrer Dichte am Erdboden 
p/po eingetragen. Die in einer bestimmten Hodhe absorbierte Energie ist pro- 
portional zu beiden Gr6Ben und ergibt sich somit bis auf einen konstanten Faktor 
durch Addition der beiden genannten Kurven. Da in groBen Hoéhen die Materie- 
dichte und in kleinen die Strahlungsdichte verschwindet, entsteht eine Kurve >, 
mit einem Maximum, das in etwa 120 km Hohe liegt; dort ist die Intensitat, wie 
aus der Abbildung ebenfalls zu ersehen ist, auf 1/e ihres extraterrestrischen Wertes 
abgesunken. Diese Kurve  , gilt fiir das Wellenlingenintervall zwischen 80 und 
100 A, das den Hauptteii der Strahlungsenergie enthilt, namlich bei 7:10° Grad 
etwa 3-10-2Q’ erg/cm? sec. In entsprechender Weise kénnen die Kurven fiir zwei 
weitere Wellenlingengruppen ermittelt werden und zwar fiir den Wellenlangen- 
bereich zwischen 80 und 60 A mit einem Energieinhalt von etwa 1-10-? Q’ erg/cm? 
sec und den Bereich zwischen 40 und 60 A, der zusammen mit der Strahlung des 
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Kontinuums etwa dieselbe Energie enthalt. Die Summenkurven &, und &, fiir 
diese Wellenlingengebiete sind in Abbildung 4 ebenfalls eingetragen. Ubertragt 
man die 3 Kurven auf linearen MaBstab und geht durch Multiplikation mit dem 
Absorptionskoeffizienten « zur absorbierten Energie tiber, so erhalt man die in 
Abb. 5 wiedergegebenen Absorptionskurven. Ihre Addition ergibt schlieBlich 
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Abb. 4. Absorptionskurven. 
Relative Dichte der Luft p/p, 

Relative Strahlungsintensitat J/I, fur 90 A —— ——- —— 
Summenkurve ©, fir 80-100 A, ©, fiir 60-80 A, ©, fiir 40-60 A 
Fig. 4. Curves of absorption. 

Relative density of the air p/p, 
Relative intensity of radiation I/I, for 90 A —_  — 
Sum total , for 80-100 A, ©, for 60-80 A, L, for 40-60 A 


die Gesamtabsorption. Dabei ist noch die langwelligere Strahlung von He und O 
beriicksichtigt, die den Abfall oberhalb von 120 km etwas abflacht. Auf ihn 
erfolgt natiirlich durch die in gréBerer Hohe absorbierte Strahlung wieder ein 
Anstieg. Diese langeren Wellen werden hauptsiachlich bei Elektroneniibergangen 
innerhalb der Schalen gleicher Hauptquantenzahl und von dem Ubergangsgebiet 
Chromosphiare-Korona emittiert. 

Es ist weiter zu beachten, daB die Kurven zunachst nur fiir die absorbierte Strahlungsenergie 
gelten. Die Photonen haben jedoch bei einer Wellenlinge ven 90 A eine Energie von etwa 
140 eV und bei der kurzwelligsten Gruppe cine ungefahr doppelt so grosse Energie. Anderer- 
seits liegen die Ionisationsenergien um 15 eV. Bei den Photoprozessen werden also Elektronen 
frei, deren Energie groB gegen die Ionisationsenergie ist, die also ihrerseits noch mehrfache 
StoBionisationen hervorrufen kénnen, Nun ist der Wirkungsquerschnitt fiir StoBionisation 
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eines Atoms von der GréBenordnung der Flache der ersten Bohrschen Wasserstoffbahn 
ma? ~10-16 cem?. Dies gilt auch in ausreichender Naherung fiir Luftmolekiile. Die Molekiilzah! 
in 120 km Hohe ist nach der Tabelle etwa 1012, die freie Weglange der Elektronen somit von der 
Ordnung 10* cm; in geringeren Héhen ist sie wegen der gréBeren Dichte noch kleiner. Die 
Absorptionskurve fiir die gesamte Energie wird sich also von derjenigen fiir die einfallende 
Strahlung praktisch nicht unterscheiden. Diese kann direkt als Kurve fiir die Tragerproduktion 
betrachtet werden. 

Zur Bestimmung der Zahl der gebildeten Elektronen selbst werde nun die im 


Scheitel in einer Schicht von 1 cm Dicke absorbierte Energie AF berechnet. 
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Abb. 5. Elektronenproduktion g in Abhangig- Abb. 6. Elektronendichte N, in Abhangigkeit 
keit von der Hohe, dividiert durch Q’ : = mee J/0’ tpt 
Swahhung von 90 100A -——, 60-80 A. ——., von der Hone, dividiert durch VQ’. « konstant 
40-60 A ~~ --- Beitrag der langeren Wellen 

—+—-+—:+—, Summenkurve Fig. 6. Density of electrons N, in function of 


Fig. 5. Production of electrons q in function of the height, divided by VQ’. «constant——— ——, 
the height over sea-level, divided by Q’. ena We es 
Radiation of 80-100 A — —, 60-80 A — — — —, 
40-60A —-—-,contribution of the longer waves 
— +—-+—-— sum total of the curves — 


— ,a~mvVvN 


Dort ist p/p) ~ 4:10-8, I =I,/e. Mit « ~ 25 fiir Strahlung von etwa 90 A 
erhalt man AE x 4-10-77. Beim Ubergang zur gebildeten Elektronenzahl ist 
noch zu beriicksichtigen, daf nicht die gesamte Energie der primaren Photonen 
zur Ionisation verwendet wird, da sie zum Teil nur Anregungen und Dissoziationen 
hervorruft. Nach experimentellen Untersuchungen von KULENKAMPFF (1926) 
sowie KossEL und STEENBECK (1927) und STEENBECK (1928) ist der mittlere Ener- 
gieverbrauch pro gebildetes Ionenpaar in Luft etwa 30 eV, entsprechend einer 
Energie von 5-10-" erg. Die Zahl g, der im Scheitel je cm* und sec gebildeten 
Elektronen ergibt sich damit zu etwa 350Q’. Andererseits kann die Tragerpro- 
duktion aus Echobeobachtungen bestimmt werden. Die Anzahl der direkten 
Rekombinationen ist proportional zur Elektronendichte und der [onendichte. Im 
Gleichgewichtszustand gilt dann bei Vernachlassigung komplizierterer Vorginge 


q = oN? (3) 
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Hierin ist « der Rekombinationskoeffizient in der E-Schicht, fiir den jedoch keine 
sehr genauen Angaben bekannt sind. ZENNECK (1949) verwendet den Wert 
a = 1-10-§ em$ sec~!, wihrend HuLBURT (1939) a = 2:10-8 cm? sec! ermittelt. 
Die aus den Grenzfrequenzen berechneten Elektronendichten im Scheitel sind 
nach ZENNECK im Winter etwa 1-10° cm-% und steigen im Sommer ungefahr auf 
1.6 10° em~%, Fiir die Tragerproduktion q, erhalt er mit dem obengenannten 
ekombinationskoeffizienten g, = 258 Ionenpaare/em*; diese Zahl wiirde sich 
mit dem Hulburtschen « verdoppeln. Andererseits ist zu beachten, daB der 
Faktor Q’ schon allein durch die Dichteschwankungen Werte bis etwa 2 annehmen 
kann. Die Energie der Réntgenstrahlung der Sonnenkorona ist also innerhalb 
der Unsicherheiten gerade von der erforderlichen GroBe. 

Zu den raumlichen Schwankungen der Elektronendichte in der Korona 
kommen auBerdem noch ihre zeitlichen Variationen im 11-jahrigen Zyklus der 
Sonnenflecken hinzu. Nach van pE Hvuust (1947) ist die Elektronendichte im 
Sonnenfleckenmaximum etwa um den Faktor 1,78 gr6Ber als im Minimum. Nun 
ist die Strahlungsintensitit bei konstanter Temperatur der Korona proportional 
zum Quadrat ihrer Elektronendichte. Zwar variiert die Temperatur im Zyklus 
etwa um 10° Grad, doch wird dadurch praktisch keine Anderung der Energie- 
emission hervorgerufen. Andererseits ist die Zahl der in der E-Schicht gebildeten 
Elektronen nach (3) proportional zur Wurzel aus der Tragerproduktion q, so daB 
sich fiir die Schwankung von NV, wieder etwa der obige Faktor ergibt. Die im 
11-jahrigen Zyklus beobachtete Variation der Elektronendichte in der E-Schicht 
ist etwa von dieser GroBe. Nach einer Formel von HARNISCHMACHER (1950) 
ergibt sich ein Faktor 1.4 in 30° geographischer Breite und 1,6 in 50° Breite. 
Fiir eine Diskussion der Breitenabhangigkeit ware eine Kenntnis des Dichteverlaufs 
in der Erdatmosphare fiir verschiedene geographische Breiten erforderlich, die 
zur Zeit noch nicht vorliegt. 

Die in Abb. 5 wiedergegebene Kurve fiir die Tragerproduktion gibt nun 
diejenige fiir die Elektronendichte noch nicht unmittelbar wieder, da zu den 
direkten Rekombinationen noch kompliziertere Vorginge. wie Anlagerung an 
Atome und Rekombinationen in Verbindung mit Molekiildissoziationen hinzu- 
kommen. Sie kénnen in der obigen Formel erfaBt werden, wenn « als schwach 
von der Molekiildichte N abhaingig angesehen wird und zwar liegt die Variation 
des Rekombinationskoeffizienten nach ARGENCE, Mayor und RaAawer (1950) 
in der Nihe der Proportionalitat mit VV. Unter Verwendung der Molekiildichten 
nach Havens, Kort und La Gow und mit « = 1-10-§ em? sec fiir 120 km 
Héhe wurden die Kurven fiir die Elektronendichte V, fiir konstantes « und 
a~ VN berechnet und in Abb. 6 dargestellt. Die giiltige Kurve dirfte dann 
zwischen den gezeichneten Kurven liegen. Bei beiden ergibt sich eine halbe 
Schichtdicke von etwa 20 km, wahrend die Zunahme von « mit wachsendem NV 
eine geringfiigige Verschiebung des Maximums nach oben bewirkt, das jedoch in 
einer HOhe von etwa 120 km bleibt. Die auf Grund der verschiedenen theore- 
tischen und experimentellen Ergebnisse erschlossene Kurve fir , stimmt also 
nicht nur beziiglich der HGhe des Maximums, sondern auch in ihrer Breite gut mit 
den durch Echolotungen ermittelten Werten fiir diese GroBen tiberein. Auch 
fiir die Absolutwerte der Elektronendichte erhalt man soweit quantitative 
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Ubereinstimmung, als dies bei der Vielzahl der in die Theorie eingehenden Einzel- 
iiberlegungen, dem zugrunde gelegten Koronamodell, der Unsicherheit des 
Dichteschwankungsfaktors, der Wirkungsquerschnitte fiir StoBanregung und 
des Rekombinations-koeffizienten erwartet werden kann. 

Herrn Prof. StEDENTOPF moOchte ich fiir die Anregung zu der vorliegenden 
Untersuchung und Diskussionen herzlich danken. 
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A universal time component in geomagnetic disturbance 
(Received 9 June 1953) 


ABSTRACT 

Evidence is obtained of a Universal Time component in the diurnal variation of geomagnetic disturbance 
from the analysis of K-index figures for selected observatories. A possible interpretation of the results is 
given in terms of the position of the earth’s magnetic axis relative to the system of sun and earth and 


its associated planes. 


The diurnal variation of geomagnetic disturbance, as defined by the range of fluctuations 
of the earth’s field, has been shown by various authors to be, over most of the earth and to 
a close approximation, a local time (L.T.) phenomenon with morning minimum and evening 
maximum. It has been suggested, however, notably by CHapMAN (1919) and BARTELS 
(1925) that a component of disturbance may depend on universal time (U.T.); and Kwet 
(1936), using the results of an analysis made by StaGe (1935a, b), obtained evidence which 
suggested that such a component does in fact exist. We present here independent evidence 
of a U.T. component of disturbance. 

The existence of a U.T. component in the diurnal variation of magnetic disturbance 
would imply some degree of rotational asymmetry in the earth. Such asymmetry is readily 
supplied, for instance, by the obliquity of the earth’s magnetic axis, so that the incidence 
of disturbance may to some extent depend on the position of the earth’s magnetic axis 
relative to the system of sun and earth and its associated planes, viz., the plane of the 
ecliptic in which the earth moves, and the plane of the sun’s equator in which radially 
emitted solar particles will tend to lie. Any U.T. component may thus depend on one or 


more of three parameters, namely the angles between the earth’s magnetic axis and 


(i) the plane of the ecliptic (4, say) 
(ii) the plane of the sun’s equator (¢,) 
(iii) the line joining earth and sun (¢,) 


(It would be possible to list further factors which might, less plausibly, exert a U.T. 
influence on magnetic disturbance). 

Since the directions of the earth’s rotational axis and of the planes of the ecliptic and 
solar equator are all fixed in space, both ¢, and ¢, vary diurnally between limits which are 
constant throughout the year. However, with respect to the solar (not sidereal) day, the 
variations of either angle on two days separated by six months are exactly out of phase. 
Thus any U.T. variation depending on ¢, or ¢, would be revealed by a significant difference 
between the diurnal variations of disturbance at any two times of the year six months apart. 

The variation of ¢, is more complicated than that of ¢, or ¢,, but it can be seen that the 
variations at the two solstices are diurnal and exactly out of phase, while those at the two 
equinoxes are in phase. A U.T. variation depending on ¢, should thus give rise to a difference 
between the diurnal variations of disturbance at the solstices, but not at the equinoxes. 

The obvious way to separate any U.T. daily variation of disturbance from the pre- 
dominant L.T. variation is to choose stations distributed evenly round the earth on a 
parallel of latitude, and find their mean diurnal variation referred to U.T. Available 
stations are not sufficiently well distributed for this method to be followed but we can 
approximate to it by averaging round the world (though not on a circle of latitude). We 
also adopt the artifice of forming, at each station, differences between daily variations of 
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disturbance at intervals of six months, thus removing much the greater part of the L.T. 
variation. A systematic six-monthly change in the L.T. variation is conceivable, at least 
between ‘“‘winter” and ‘‘summer,” but this would be relatively small and we should hope 
largely to eliminate it by averaging in U.T. at stations well distributed in longitude. Thus, 
if the diurnal incidence of disturbance is governed solely by L.T. we should expect such 
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average differences to be merely random fluctuations about zero: if, on the other hand, 
there is a U.T. variation which depends on any (or all) of 4,, 45, ¢3, there should be a 
significant diurnal variation difference between the two solstices (approx. June- December) 
of amount equal to twice the average U.T. contribution at the stations considered. We 
should similarly expect to find a significant average difference between the equinoxes 
(approx. March-September) if there exists a U.T. component dependent on ¢, or ¢,, but 
no significant March-September difference if any such component either does not exist or 
depends solely on ¢z. 

A selection was made of magnetic observatories in both hemispheres with available 
data of K 3-hour-range disturbance indices, and which were fairly well distributed in 
longitude such that & sin A = 0 in each hemisphere, A being geomagnetic longitude. 
Eight northern and four southern hemisphere observatories were selected, viz. College 
(+65, 255), Sodankyla (+64, 120) Lerwick (+63, 89), Meanook (-+-62, 301), Cheltenham 
(+50, 351), Kakioka (+26, 206), Zo-Se (+20, 189) Alibag (+9, 144); and Pilar (—20, 4), 
Hermanus (—34, 82), Watheroo (—42, 186), Amberley (—48, 253). The daily variation of 
K-index was averaged at each station for 60 selected days, mainly in the period 1947-51, 
for each of the months March, June, September, December; and also for intermediate 
“months” centred on Ist February, Ist May, Ist August, Ist October. Attention was 
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confined to days of more-than-average disturbance (daily sum of planetary K (i.e. K,) 
indices >20) because of possible inaccuracies in scaling the K-indices at low levels of 
disturbance. For each station, differences between the daily variations of K-indices were 
calculated for the four pairs of ‘‘months” separated by six months, i.e., June-December, 
1 May—l November, March-September, 1 August-1 February; and these differences 
were combined in U.T. to give mean differences for the northern and southern hemispheres 
separately and also for the 12 stations combined. Results are illustrated in the accompany- 
ing graph in which the standard errors of selected mean differences, calculated from the 
standard deviations of the individual K-indices, are shown. 

The graphs indicate U.T. disturbance differences which depart significantly from zero 
in all four pairs of months. Evidence that the variations are not of a seasonal nature is 
contained in the fact that the solstitial differences are similar in both hemispheres. The 
difference variation has maximum amplitude for June-December, decreases somewhat in 
amplitude but retains almost the same phase for May-November and August-February, 
and has smallest amplitude with changed phase for March-September. This last variation, 
though small, appeared very probably significant from the original sample of 60 selected 
days, and the result was tested and verified by using twice as much data for most of the 
stations: the plotted March-September curves are those for this bigger sample. We have 
also tested the reality of this result by calculating the mean K daily variation of March- 
September differences arranged in U.T., at seven further selected northern hemisphere 
observatories which though not very evenly distributed in longitude, were yet such that 
x sin A= 0. All days of the three available years 1949-51 were used, and the mean 
variation was found to agree closely with the plotted March-September curves. 

The graphs show clearly that the daily variation of disturbance has indeed a U.T. 
component, the amplitude and phase of which vary throughout the year. It can reasonably 
be interpreted as consisting of two parts: 

(i) A part depending on ¢, or ¢, or both, with no annual variation of amplitude, and 
time of daily maximum coinciding with maximum 4q,, i.e., 0430 U.T. in June and 1030 U.T. 
in March. (The north magnetic pole is 44 hours west of Greenwich.) 

(ii) A part depending on ¢,, having opposite phases in June and December and the same 
phase in March and September. The time of June and December maximum coincides 
with maximum gz, i.e., 0430 U.T. in June, and 1630 U.T. in December. 

In the resultant 6-month differences (ii) reinforces (i) in June and December and does not 
affect it in March and September. 


Meteorological Office, Edinburgh. 
May 1953. R. P. Watpo Lewis and D. H. McInrosu. 
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A note on auroral interaction 


(Received 23 May 1953) 


It has been noted on many occasions that the aurora polaris interacts with radio waves 
directed towards it to cause a modulation of the reflected signals. The amount of the 
modulation, measured when a probing radio wave of 50 mc/sec was employed, varied 
between 50-200 c/sec, and the depth of modulation was irregular. When radiotelephone 
communication was attempted by means of auroral interaction, the reflected signal has 
been described as having a characteristic flutter; the “‘voice”’ is heard against a background 
which contains rumbling tones, deep hissing, etc. At times severe garbling is encountered, 
and no intelligence can be extracted from the auroral reflected signal. Because of the 
reasoning given below, it is believed that the modulation caused by auroral interaction 
probably arises because of a Doppler effect. 

Near 100 km over the temperate latitudes, observations on the movement of sporadic E 
ionization and the movement of ionospheric irregularities, indicate the existence of winds 


Table 1. Radio wave modulation (c/sec) expected from a moving auroral reflecting screen 





Speed of Radio Probing Frequency (mc/sec.) 
Reflecting Curtain 


Caenpeae) 10 50 100 














7x 108 4:7 24 47 
3 x 108 2x 10° 108 2x 108 

















having a velocity of about 250 km/hr. If the auroral reflecting screen moves with this 
speed along the path of the probing radio wave, a Doppler shift of 5-47 c/sec would be 
expected. On the other extreme, protons which produce at least some types of aurorae 
move with velocities of about 3 « 108 cm/sec. Reflection of radio waves by the incoming 
surface of the incident protons (or by the incoming ionization surface which the protons 
produce) would cause a Doppler effect of about 10°-10® c/sec. The modulation produced by 
the auroral reflecting surface moving with the wind is too small by a factor of 5-50 to 
clarify the observed results; the Doppler shift from the surface of incoming protons is much 
higher than has yet been measured. The magnitude of the Doppler effect expected with 
probing radio frequencies of 10, 50 and 100 mce/sec for various speeds of a reflecting curtain 
moving along the ray path is summarized in Table 1. The results may be compared with 
those of Table 2 which indicate the speeds of the auroral reflecting curtain necessary to 
produce a modulation of 50-200 c/sec. 

While neither of the above described mechanisms accounts for the observed modulation, 
it is possible to conjecture a model which does clarify the results. The incoming stream of 
particles (or the ionization they produce) is detected not by radio wave reflections from 
its earthward-approaching surface, but by reflections from the sides of the incoming 
stream. If the side surfaces of the stream are sufficiently irregular, reflections from the 
stream as these irregularities rush by may produce the observed Doppler effects. In general, 
the irregularities may be thought of as conical depressions or elevations whose angle with 
the surface of the stream is given by tan~! z/y. When the probing radio wave is directed 
perpendicular to the stream motion, then y= 3 x 108cm. A modulation of 200 c/sec 
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for example when probing at a radio frequency of 10 mc/sec could be produced if x = 3 
+ 10° cm. Compared to the size of the stream surface, the irregularities are relatively 
minute and non-cyclic, but they are nevertheless of the correct size to give rise to the rather 


Table 2. Speed of the auroral reflecting curtain (cm/sec) towards the observer, necessary 
to produce the observed modulation 
| 


Radio Probing Frequency (mc/sec) 





Observed Modulations 
(c/sec) 





10 50 100 











| 75 x 104 15 x 104 75 x 108 


| 

| 3x 105 6 x 104 3 x 104 

l 

erratic fading records which are actually observed. The irregularities could easily be caused 

by local turbulence, diffusion, local changes in the rates of recombination or ionization, etc. 
It should be noted that yet to be observed in the radio probings of the aurora are 

Doppler shifts of 0-2-2 me/sec. These maximum effects would be found when the probing 

radio wave is directed along the path of the incoming protons. 











Geophysics Research Directorate, 
Air Force Cambridge Research Center. N. C. Gerson. 





The electron content of the F, layer above Singapore 
(Received 23 June 1953) 


In this note we compare the total ionization present in a unit column, n, below the level of 
maximum ionization density of the F, layer in 1949, a year of great solar activity (R ~ 120), 
and in 1952, a year of slight activity (R ~ 30). The total electron content, n, is estimated 
by parabolic methods (OsBorNE, 1952a, RaTCLIFFE, 1951) for six equally spaced days in 
June and December 1952, and the results are compared with similar data for the cor- 
responding months of 1949 (Figs. 1, 2). 

The diurnal variations of ‘‘n” are reasonably consistent with the hypothesis that the 
ions are produced by photo-ionization in a medium with an appreciable ionization relaxa- 
tion time. Perturbations due to movements of ionization, which dominate the corresponding 


Values of ‘‘n”’ when xy = 23° (cos x = 0-92) 





Station Sunspot maximum Sunspot minimum 





Alaska/Watheroo 1-3. 1038 0-6 . 1018 


Huancayo 2-2. 1013 [2 . 1033 
(estimated?) 

10-8 . 1013 

| (uncorrected) 


Singapore—June ‘0. 1-7. 1018 
December 3. 1:7. 1018 
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Fig. 1. The mean diurnal variations of the electron content ‘‘n’’ of the F, region over Singapore 
during June 1949 and June 1952. 


curves for f,F,, modify the shape of the curves for 1949 but are comparatively 
small in 1952. Thus the large anomalous differences between June and December evident 
in sunspot maximum years have largely disappeared. 

It is interesting to compare these results with those obtained by RaTco.iFFE (19515) 


for Huancayo, Alaska and Watheroo. 
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Fig. 2. The mean diurnal variations of the electron content ‘“‘n”’ of the F, region over Singapore 
during December 1949 and December 1952. 
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The mid-day values of n at Singapore at sunspot maximum are very similar to those 
obtained by RatciirFe (1951) for Huancayo; and it is suggestive that the values of n 
at Singapore during the early morning (vy > 60°) in 1952 are consistent with those found 
at Alaska and Watheroo for similar values of y, again implying that transport of ionization 
is comparatively unimportant at these times. 

The small change in ‘‘n” at Singapore between 1949 and 1952, and the differences 
between the shapes of the diurnal curves in 1949 and 1952, which are particularly noticeable 
during the December solstice (see Fig. 2), appear to be due (McNisu, 1950; OsBorNE, 
1952b) to ionization moving above the level of maximum ionization density in years of 
great solar activity. RATCLIFFE (1951b) however claims that this phenomenon is most 
evident at Huancayo in years of minimum solar activity, though McNisH has observed 
its presence there during sunspot maximum (1939) also. 

The vertical incidence ionospheric records used for this analysis were obtained at the 
Singapore Radio Research Substation of the Department of Scientific and Industrial 
Research. This note is published by permission of the Director of Radio Research of that 


Department. 


University of Malaya, B. W. OsBorne. 
Singapore. 
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Induced charges and the fine-weather field 
(Received 17 July 1953) 


When Wuirr.e (1929) worked out the suggestion of APPLETON (1925) that the variation 
with time of day of the earth’s vertical field in fine-weather “‘undisturbed” conditions is 
caused by the variation with time of day of the total thunderstorm activity over the whole 
earth, he considered that the charge on the fine-weather portion of the earth, and hence 
the vertical field as measured, can be altered by (1) fine-weather conduction current and 
(2) currents to the earth during storms. 

There is, however, a third factor, namely a variation in the amount of charge induced 
on the earth’s surface below clouds; if a storm cloud were to be considered as simply a 
dipole above a conducting earth, then the two charges induced on the earth would be 
equal and opposite, but this does not take into account induced charges on the ionosphere 
nor possible inequalities in the two quantities of charge in the cloud. 

If —o is the fine-weather surface density of charge, the fine-weather field F = 470; 
then the total charge on the fine-weather portions of the earth is —Q = —Ao where A 
is the area of the earth’s surface (storm areas form a sufficiently small fraction to be 
neglected here). If A is the conductivity of the atmosphere close to the earth, the fine 
weather conduction current is FA per unit area, giving a total of 471Q. Let us suppose 
that, at any instant, there are N “average” storms in action, each providing a current 
—j to the earth and each inducing a charge q on the earth. 
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Then, for the whole earth: 


d dN 
~ 2 - sig — Nj—a | (1) 


dt 
WHIPPLE’Ss (1929) equation omits the last term. 
If we assume that the number of storms in action varies with a 24 hour period according 


to: 
N=X +4 Y coswut 


it is easy to show that: 


Q= B+ C cos (ut + «) 


ae 
where B= os c= 


p+ qu? 7] 
w? + (477A)? 


(j — 4rdq)w 
4ndj + qu? 


and tan a = 


WHIPPLE’s results, leaving out the term in g, correspond to tan a = w/47/A, giving a 
time lag between the maxima of N and Q which he calculated to be about 12 minutes, 
quite inappreciable on his curves. 

The difference from WHIPPLE’s results depends on the ratio of q to j/47A. From the 
results of GisH and Warr (1950). 7 can be taken as 0-5 amp. Mavucuty (1926), at sea, 
found an average value of 4 of 2:3 x 10-4 E.S.U. (which would give a time lag 1/474 = 5-8 
minutes), so that 7/474 = 174 coulombs. Estimates of q are difficult to obtain; GisH 
and Wait (1950) for a “‘less electrically active” cloud found that the fields above the 
cloud could be accounted for by charges in the cloud of + 39 coulombs, but the charge 
induced on the earth would be considerably less than this. Other estimates of charges 
in clouds, by Stmpson and Rosinson (1940) and by Maan (1952) are of the same order 
of magnitude. 

Thus it seems highly probable that g is smaller than j/47A, perhaps of the order of 
10%, so that the additional term introduced into the equation is not of much practical 
importance; but it has needed the present analysis to show this. 

The correlation between field maximum and thunderstorm maximum has been taken 
as a proof that storms bring negative charge to the earth. But equation (1) shows that 
if A and j were both small, Q would vary with N, due to the effect of induced charges 
rather than of charges brought down by the storm; and measurements of 4 and ) are 
required in addition to the correlation of maxima to give a definite conclusion. 


Durham Colleges, 
University of Durham. J. A. CHALMERS. 
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Indices of geomagnetic activity 
of the Observatories ABINGER (Ab), ESKDALEMUIR (Es) and Lerwick (Le) 


April 1953 to August 1953 


The figures given on pages 86 to 89 represent the K-indices for three-hour intervals, 
beginning with 00-03 hrs for the first and ending with 21-24 hrs for the eighth figure. 
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June 1953 (contd.) 
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Book review 


GILLEsPIE, A. B; Signal, Noise and Resolution in Nuclear Counter Amplifiers. (Vol. 1 of Elec- 
tronics and Waves—A Series of Monographs. General Editor: D. W. Fry, A.E.R.E., Harwell.) 
Demy 8vo, xii + 155 pp., 61 diagrams. Pergamon Press Ltd., 1953. (Published in U.S.A. by 
McGraw-Hill, Inc., New York.) 21/- net or $4.50. 


The science and art of electronics have expanded greatly under the stimulus of the war, and the 
new tools are being handled, somewhat timidly, by scientists in other fields. The timidity comes 
in part from the unfamiliar concepts which electronics has created for itself, and from the cor- 
respondingly unfamiliar jargon of its devotees. A straight textbook on an electronic subject is 
usually quite hard reading for the medical man or nuclear physicist who may want to improve 
or even design his own electronic apparatus. 

Pergamon Press are to be congratulated on having started this series of Monographs on 
Electronics and Waves, and on having acquired D. W. Fry as an editor. If the first volume is a 
representative sample the series ought to prove very useful indeed, acting as the much-needed 
interpreter between the communication engineer and a variety of other scientists. 

Amplifiers for the detection of nuclear particles came into use as early as 1924, but for some 
twenty years their construction was an art rather than a science. Some attempts to analyse 
the problems and to design amplifiers for optimum performance were made, but it was only when 
communication engineers started to take a hand that real progress resulted. That in turn per- 
suaded some people that the time had come to leave the design of “nuclear” amplifiers to 
electronic specialists, and that soon the nuclear physicist would buy his electronic apparatus all 
ready made like a doctor buys his microscope. But it turned out that the problems of nuclear 
physics were too variable and that success often depended on the ability to tailor one’s equip- 
ment to fit a given problem. And for that it is essential to master the interrelations between 
the various desirable qualities of a nuclear amplifier as well as the means for getting the best 
compromise between their conflicting claims. 

A. B. GILLESPIE concentrates on the problem of getting the best signal-noise ratio under the 
conditions set by a given experimental problem. He goes over the ground very carefully and his 
explanations are clear and explicit throughout. Mathematical derivations are banished into a 
number of appendices; the text contains only the formulae needed for actual computations, and 
brief indications how they are derived. As a result the book makes easy and pleasant reading. 
It also contains a number of practical remarks on the choice of valves, operation conditions etc. 
I think it will be found indispensible by any nuclear physicist who wishes to design his amplifiers. 

Perhaps we may hope, in the same series, for a companion volume dealing with the later 
stages of amplification, with problems of stability and overloading, with stabilised voltage 


supplies, and with scaling and sorting devices. 
O. R. FrRiscu. 


Brags, J. B.; Scintillation Counters. (Vol. 2 of Electronics and Waves—A Series of Monographs. 
General Editor: D. W. Fry, A.E.R.E., Harwell.) Pergamon Press, London, 2ls. and 
McGraw-Hill, NewYork, $4.50, 1953. 148 pp. 

Curran, S. C.; Luminescence and the Scintillation Counter. Butterworths Scientific Publi- 
cations, London, 1953. 32s. 6d. 219 pp. 


The technique of scintillation counting has gained rapidly in importance during the last few 
years, and has indeed in many applications superseded such well established instruments as 
the Geiger counter or the proportional counter. A book which would summarise the relevant 
information was urgently needed, and now two such books have appeared in quick succession. 

It is not easy to say which of the two is the better. Both authors are very well qualified 
for their task. CURRAN is an authority on nuclear physics and was one of the early pioneers of 
the scintillation method. His book contains a great wealth of information, and is on the whole 
the more ambitious one. It not only describes photomultipliers and scintillating materials, 
but also goes deeply into the physical phenomena which enter in their use. A whole chapter is 
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devoted to the interaction of various radiations with matter, and another one to the phenomenon 
of secondary emission. 

Birks is known for important contributions to the mechanism of luminescence. His book is 
somewhat slighter and less ambitious, but it might well be found to be the more useful one by 
those who merely want to use scintillation counters without going too deeply into their funda- 
mental principles. It contains all the necessary information for that purpose presented in a 
straightforward and very readable style” This is another volume in the series Electronics and 
Waves, and the Pergamon Press are to be congratulated on having added such an excellent 
presentation of a topical subject at such unusual speed (the book appeared within two months 
of delivery of the manuscript). 

O. R. Friscu, 


Advances in Electronics, Vol IV, Edited by L. Marton. pp. 344. Academic Press, Inc., N.Y., 
1952. $7.80. 


The title of this book will seem somewhat misleading to readers who are not already familiar 
with the series of which it forms the fourth volume. The term electronics has come by force of 
common usage, to mean that branch of applied science associated with the use of valves, clectron 
tubes and the like; techniques in which circuitry and devices exploiting the free electron in 
vacuo predominate. It is therefore with a shock of surprise that one observes that the first 
article in the present volume is a review by Professor H. 8. W. Massey of electron scattering 
in solids. The article is what one expects from Professor MassEy, an authoritative survey, 
mainly from the theoretical standpoint, of many phenomena that are best described or explained 
in terms of the scattering of electrons by a close-packed assemblage of atoms constituting a 
solid. Secondary emission and electron diffraction are excluded as being adequately treated 
elsewhere, but there is a full discussion, with 87 references, of single elastic scattering of fast 
electrons, of single inelastic scattering such as is relevant to the electron microscope, of multiple 
scattering and diffusion and the bearing of the various processes on the resistivities of pure 
metals, alloys and semi-conductors. All this is a valuable contribution to scientific literature 
but one cannot help wondering whether it would not have been more effective if published 
within different covers. 

The remaining articles in the volume come much nearer to what is ordinarily understood 
by the term electronics. The only other theoretical article is one by A. VAN DE ZIEL on Fluctua- 
tion Phenomena, a review providing the electronics practitioner with a comparatively simple 
treatment by Fourier analysis of a number of important problems associated with what he 
experiences as noise; thermal noise in generators, shot noise in diodes and triodes. On the 
practical side there is a lucid account by G. A. Morton of the scintillation counter and its 
component parts, the photomultiplier and the phosphor crystal, together with a review of their 
applications in nuclear physics; also detailed surveys of the modulation of continuous wave 
magnetrons by J. S. Donat, Jr. and of the technique of magnetic surveying from aircraft, 
especially with the saturable core magnetometer, as used for submarine detection during the 
war and for geophysical work since. An article by C. V. L. Smirx gives a general account of 
the position in the field of electronic digital computors at the end of 1950, when Whirlwind and 
SEAC had, in the author’s words, ‘‘come to fruition’? but many machines that have since done 
so were still in the budding stage. The final article by M. G. PawLEy and W. E. TriEst gives 
a short general account of multichannel radio telemetering or systems for making measurements 
of several variables at a distance with radio transmission as the connecting link between the 
observer and the locality to which the measured quantities refer. The importance of such 
techniques in providing data for localities not accessible to any human observer is obvious 
enough. 

It will be clear from what has been said that the book provides a very useful group of surveys 
covering particular fields of topical interest. Many will be glad to find it in the library but 
probably few will want it on the personal bookshelf. 

L. HartTsHORN. 
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Devutscx, S.; Theory and Design of Television Receivers. xix + 536 pp. 386 illustrations. 
McGraw-Hill Book Company, Inc. 1951. Price $6.50. 


While the literature relating to the scientific and technical development of television is already 
vast, there is a dearth of books dealing adequately with the basic principles of the subject in a 
manner appropriate to the professional radio or electrical engineer. The book under review 
aims at filling this gap by presenting a physical explanation of the behaviour of vurious tele- 
vision receiver circuits, developing the mathematical theory of these circuits and discussing 
the practical design of receivers. 

The first chapter on “Television Standards” makes it clear that the work is to be confined 
in its quantitative aspects to the American practice of using a scanning rate of 525 lines on 
pictures presented 30 times a second. The reader will have no difficulty, however, in converting 
the numerous examples and problems discussed to the standards in use in the United Kingdom 
(405 lines, 25 pictures a second), or elsewhere. Chapters 2 and 3 are devoted to a mathematical 
discussion of the characteristics of amplifier and rectifier circuits, and the properties of the 
associated tuned coupling circuits. Succeeding chapters then deal with each of the basic sections 
of a receiver from the antenna to the picture tube, including power supplies and frequency 
control. A discussion on direct- and projection-viewing systems follows; and the concluding 
chapter illustrates the various faults and misalignments that may occur in a television receiver, 
and gives brief details of the service tests required to detect and rectify these. 

Each chapter is followed by a series of problems or exercises, the solution of which should 
enable the reader to gain a more precise and detailed understanding of the subject. The pro- 
duction of the book, which is liberally illustrated, is excellent, and the work may be recom- 
mended to all those studying the subject of television reception. 

R. L. SmrtH-RosE 





CONFERENCE ON ROCKET RESEARCH OF THE UPPER ATMOSPHERE 


The Conference which was held in Oxford, August 24 to 26 1953, under the auspices of the 
Gassiot Committee of the Royal Society, was concerned with problems of the physics 
of the upper atmosphere of the earth, with particular reference to the results obtained 
by the techniques of rocket research. Topics discussed included measurements of 
atmospheric temperatures and particle densities, measurements of the electron density 
distribution in the ionized layers, of the changes in chemical composition due to diffusive 
separation and of the earth’s magnetic field and cosmic ray activity at high altitudes. 

It is intended to publish the proceedings of the Conference as a separate supplement 
volume to the Journal of Atmospheric and Terrestrial Physics. The volume can also be 
purchased separately through the book trade. 
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Mobility of atmospheric small ions during summer nights at Uppsala 


H. NorinDeEr and R. SIKsnAa 


Institute for High Tension Research, University of Uppsala, Sweden 
(Received 4 July 1953) 


ABSTRACT 

A method involving the periodic alternation of limiting mobilities of a simple aspiration condenser has 
been employed to obtain characteristics of the number of atmospheric small ions captured during suitable 
weather conditions. The distributions of ions with respect to mobilities were computed. The structure 
of the distribution function varied with time. The idea is discussed that ions which are commonly called 
atmospheric small ions consist of two groups: small ions proper or cluster ions with mobilities between 
1-5-2-5 cm sec~!/volt cm—!, and affected small ions with mobilities between (0-3 ~ 0-5) — (1 + 1-5) cm 
sec~'/volt em-!. Confusions which have hitherto existed concerning the mobilities of atmospheric small 
ions could be obviated by this conception. It is therefore of interest to investigate atmospheric small 
ions under the conditions which exist in the atmosphere, i.e. together with the factors which affect the 
pure small ions. Results obtained up till now have been encouraging, in spite of measuring difficulties 
caused by the irregular variations of the ionic concentrations investigated. 


1. INTRODUCTION 


The ions present in the atmospheric air are of interest from many points of view. 
The ionic state of the atmospheric air is often given as the number of ions per cm, 
or, in most cases, the concentration is given together with an indication of the kind 
of the ions concerned—small ions, intermediate ions, large ions. But our knowledge 
of the properties of the atmospheric ions themselves is slight. The mobility of the 
ions is one of the quantities that may be measured, and it provides a characteristic 
property of the ions present. But measurement of the mobility of atmospheric 
ions is associated with some difficulties; the gustiness of the variations in the 
concentration of ions in the atmospheric air is one of the main difficulties encoun- 
tered in such measurements. 

The simplest and the most used method for determining the mobility of 
atmospheric small-ions is the simultaneous measurements of the conductivity A, 
and the ionic density n. Assuming that the ions present have only one discrete 
mobility k, this may be computed from the relation 


A = nke, 


where e is the elementary charge. This relation has been used recently: for 
computing the mobility of small-ions from measurements made during the last 
cruise of the ship Carnegie (ToRRESON et al., 1949) for computations on the 
results of measurements carried out during 1935-37 at Poona (India) (AGARWALA, 
1951), and for computing the average mobility from measurements obtained in 
New York City and in its surroundings (O’DONNEL, 1952). It is evident that the 
mobility obtained in this way is a mean mobility, because ions of different mobilities, 
present in different concentrations, contribute to the conductivity. This mean 
mobility is defined by the formula 
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where n, is the concentration of ions with a mobility k;. The same mean mobilities 
may be obtained by using the direct aspiration methods of GERDIEN (1903) and 
MacueE (1903). 

The data on the mobilities of atmospheric small ions surveyed in the mono- 
graphs on the subject (HEss, 1926) have been obtained with the above-mentioned 
indirect and direct methods, and they must be regarded as data on the mean 
mobilities. 

Recently, FEpoROw (1952) has described a method which, as indicated by the 
author, might be developed into a recording method. It is possible by this method 
to determine the mobility spectrum of atmospheric ions in 2-3 minutes by 
measuring the ionic current in an ionization chamber into which a sample of the 
air to be examined is aspirated. VassAILs (1949) had earlier succeeded in investi- 
gating large laboratory ions by a similar method. The method seems to be suitable 
for investigation of the larger ions, but for examination of small atmospheric ions 
difficulties might arise because of transformation of the small ions present when 
left for even 2-3 minutes in a closed ionization chamber. 

Encouraged with the results of examination of the mobility distribution of 
laboratory ions of different kinds (NORINDER and Siksna, 1952b; SrKsna, 1952a, 
19526, 1953) obtained by using the method of the periodical alternation of chosen 
limiting mobilities of an aspiration ionic counter, we have attempted to use the 
same method for investigating atmospheric small ions. It was evident that the 
method could not be used in all atmospheric conditions, because of the gusty 
variation of ionic concentration in various circumstances. It seemed to us that 
suitable conditions for such measurements could be expected during quiet summer 
nights at Uppsala, when, as has been shown, the number of ions increases because 
of accumulation of radioactive substances in the lower layers of the atmosphere 
(NoRINDER and SrKsNna, 1950, 1952a). We have also attempted to use the same 
method under other conditions. We did not succeed in obtaining computable 
results when there were S, SW winds, because the number of ions was low during 
these weather conditions, and liable to sudden variations. When there were NW 
winds the ionic conditions were comparatively constant, and computable results 
were obtained from the measurements. In the following we will describe the 
results of measurements of atmospheric small ions during quiet summer nights 


at Uppsala. 


2. THe Metuop EMPLOYED 


As already mentioned, the distribution of atmospheric small ions with respect 
to mobilities was determined by the method of a periodical alternation of chosen 
limiting mobilities of a cylindric aspiration ion-counter. The method gave the 
time curves of the number of those ions captured at the chosen limiting mobilities. 
Conclusions concerning the distribution of the ions present with respect to mobilities 
may be drawn from the shape of the curves. For this purpose, the curves must be 
intersected by vertical straight lines at particular instants and the numbers obtained 
may be plotted in n = F(1/k,) characteristics (number of ions n as a function of 
the reciprocal adjusted limiting mobility k,), and from these curves a general 
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survey of the mobility distribution may be obtained. The detailed distribution 
function f(k) may be obtained from the characteristics by the following calculation. 

The number of ions was measured with an ion-counter for small ions which 
incorporated a Weger aspiration condenser and was built at the Institute (Smxsna, 
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Fig. 1. The apparatus used: (W) Small ion counter with Weger condenser Cw, Bw battery for the 

condenser, LE Lindemann electrometer, D calibration device for the electrometer, R rotameter, 

Sw slide for the condenser, VC vacuum cleaner; (EZ) Ebert ion-counter, Sz slide for the Ebert 

counter; (B) suction box, SB slide of the suction box, 7’ connection tube to the open air, P pro- 
tection box. 

















1953; WeEGER, 1935). The arrangement of this small-ion counter and the auxiliary 
components is shown in Fig. 1. A detailed description of the counter will be given 
later. The counter has some good properties which seem to make it a suitable 
simple apparatus for multiple measurements of small-ions. For instance, it is 
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without the troublesome entrance end-effect. Moreover, it does not involve the 
polarization effect of the insulators when the potential of the central electrode is 
changed when adjusting the different limit mobilities. Characteristics of the small 
ions present were obtained with the ion-counter by varying the potential applied 
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Fig. 2. Insulation losses; variation of the number of positive ions counted at chosen limit 
mobilities ky, of an aspiration condenser; f(k) mobility distribution of ions present; median 
mobility k(med). 


to the inner electrode of the Weger condenser, the air-flow through it remaining 
constant. The air to be examined was sucked into the counter from a suction 
box attached to the ceiling of the observation hut where the measurements were 
carried out. Besides the ion-counter with the Weger condenser, an Ebert counter 
was connected with the suction box—this counter being used to maintain a 
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sufficient air-flow through the suction box, because the aspiration through the 
small-ion counter alone seemed to be too slow to replace sufficiently rapidly the 
air in the suction box. The outside air was brought into the suction box through a 
tube which ascended through the roof of the hut. A protecting box was placed 
over this tube. The observation hut was located at the same place where earlier 
measurements of atmospheric ions have been carried out at this Institute (NORINDER 
and SrksNnA, 1952a)—57 m NW of the Institute main building. The measurements 
were carried out by alternating the potential applied to the inner electrode of the 
Weger cundenser. At each potential, measurements were carried out for both the 
positive and negative values, giving the numbers of positive and negative ions 
captured. Prior to and after each series of measurements including all the chosen 
limiting mobilities, the insulation losses were measured by stopping the air-flow 
through the counter and closing the connection with the suction box. The insulation 
was measured alternately at both the polarities of the potential applied to the inner 
electrode of the Weger condenser. The insulation losses were not very great, but 
they varied with time, increasing when the content of radioactive substances in 
the air could be expected to be higher. The insulation losses also varied with the 
polarity of the potential applied to the inner electrode (Figs. 2 and 4). This 
phenomenon may be explained by the different shapes of the electrodes in the 
Weger condenser, which produce different conditions for deposition of the radio- 
active substances from the air sucked through the condenser. For several series, 
the insulation losses were also measured with the inner electrode earthed. In this 
case the values obtained were between those at the positive and negative potentials 
(Fig. 2). 
3. RESULTS OF MEASUREMENTS 


Suitable weather conditions were not frequent during the summer of 1952. In 
some cases when the conditions seemed to be suitable at the beginning of the 
measurements, they changed during the night and only fragmentary series were 


obtained. 
Two characteristic complete series of measurements will be considered in the 


following. 


On July 7-8, 1952 
The weather conditions were the most suitable for the measurements. On 
July 7 a region of very high pressure situated over Scandinavia shifted to the NE. 
Warm fine weather prevailed almost all over the country. On July 8 the high 
pressure region over Scandinavia weakened, but the dry and sometimes very warm 


weather was expected to last some days. 

Results of the measurements are shown in Figs. 2 and 3. In Fig. 2 the insulation 
losses are shown in effective numbers of ions. As already mentioned, these curves 
characterize in a certain way the concentration of radioactive substances in 


the air. 


The curves showing the number of tons 


The numbers of ions at the three lower adjusted limit mobilities k, = 0-14, 
0-32, 0-57 coincide, except for some individual points and during the decrease of 
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the concentration of negative ions after sunrise. This fact indicates that the 
lower k, values used were in the region of saturation. 


Mobility distribution of ions present 
The intersections of the curves giving the number of ions by vertical straight lines 
at hourly intervals provided values from which the instantaneous characteristics 
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Fig. 3. Variation of the number of negative ions counted at chosen limit mobilities ky, of an 
aspiration condenser; f(k) mobility distribution of ions present; median mobility (med). 
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(n = F(i/k,) or n = d(k,)) could be plotted, and from these the distribution 
functions f(k) = dN/dk were computed. These functions are shown in Figs. 2 
and 3. As it was not justifiable to indicate any finer structure of the distribution 
function. f(k) is shown as a histogram. Even if it were possible to discern some 
fine structure in the characteristics, and if this fine structure could also be accounted 
for, the method used cannot be regarded in its present state capable of such fineness. 
The characteristic general properties of the distribution function are not affected 
by this, and these properties are the following: 
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(1) The occupied range of mobilities is comparatively wide. It begins at 
c. 0-4-0-5 cm sec /volt cm-! and reaches c. 2 for positive ions. The highest 
mobility limit of negative ions is usually c. 2-5, in some cases somewhat more. 
This fact is not shown in the figures, but the columns for the higher mobilities are 
adequately heightened in these cases. 

(2) The distribution function may be divided into two components: ions with 
lower mobilities are included in one, ions with higher mobilities in the other. In 
some cases a structure may be assigned to these components. The component for 
the lower mobilities is commonly higher than that for the higher mobilities. For 
positive ions the latter is wider. To avoid unnecessary complications, the group 
of negative ions with mobilities below 0-5, which occurred after sunrise, is not 


shown in the figures. 


Median mobilities 

In the course of the computation of the distribution function it is easy to obtain 
a mobility which may be called the median mobility, using a definition of statistics. 
This mobility is defined by the equations 


k, < k (median) < ky, 
k(med) ke ka 
J fe ae = | feb) ak = 4 [fry ak = aN], 
ky k(med) ky 


where k, and k, are the limit mobilities of the distribution function. The median 
mobility k(med) divides the area under the distribution curve into two equal 
fractions. The values obtained, shown in Figs. 2 and 3, are in good agreement 
with the mean values of the mobility of atmospheric small ions given in the 
literature. Our average k'+) mea = 1:01, k‘ mea = 1:13; the mean mobilities of 
atmospheric small ions on the continent are k'+) = 0-96, k'-) = 1-05, according 
to the new edition of Landolt- Bérnstein (ISRAEL, 1952). 


On August 7-8, 1952 


The weather conditions were not very favourable for the measurements. On 
August 7 a region of low pressure situated over central Norrland was displaced, 
together with the associated rain fall, to the NE. Another region with rain over 
the Netherlands and North Germany moved northward to South Sweden. (On 
August 8 a cold NW air-stream with showers of rain appeared over N. Norrland, 
being especially marked after midday. The local weather conditions were as 
follows.) At 19h there was a light NE breeze, the horizon was clouded in the W, 
and the sun was behind the clouds. The sunset was clear; at 20 h 20 m there was 
a light NE breeze, with large cumulus in the W; at 21h 45m a halo appeared 
round the moon. On August 8 at 2h 45 m there was a light breeze from the E, 
mist in the Fyris valley, a light halo round the moon; at 4h 05 m the mist from 
the Fyris ascended to higher layers, the breeze was slight N, NNE, the sunrise 
was obscured by the mist; at 4h 12 m the mist became thicker near the ground. 
At 5h there was dense mist all around; at 5h 10m the density of the mist de- 
creased, and the sun shone through. At 5h 40m there was only light mist; at 
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5h 47mnone. At 8h 28 m there was slight stratus and the cloudiness gradually 
increased. Finally. the sky was clouded. 

The temperature was recorded with a thermograph at ground level, and the 
relative humidity with a hair hygrograph. As shown in Figs. 4 and 5, there is a 
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Fig. 4. Insulation losses; variation of the number of positive ions recorded at chosen limit 
mobilities k, of an aspiration condenser; f(k) mobility distribution of ions present. 


perceptible correlation between the concentration of ions and the temperature 
and the relative humidity. The correlation with the relative humidity seems to 
be closer. 


The curves of number of ions/time 


In order to obtain more evidence on the structure of the mobility bands established 
by the earlier measurements, additional adjusted limit mobilities k, were intro- 
duced between those used earlier. Altogether, 10 adjusted k, were used during 
this series of measurements. It turned out on calculating, however, that the 
highest k, were not usable in some cases, because of uncertainty in the numbers 
recorded, which were comparatively small. 

A difference concerning the saturation state may be seen when the curves 
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obtained on July 7-8 and on August 7-8 are compared. Saturation is not reached 
on August 7-8, this being especially marked during the later morning hours. Ions 
with lower mobilities must have been present in greater concentration during 
this night. In spite of some deviations at certain points, it seems that the curves 
drawn through the points give an adequate description of the state. The men- 
tioned deviations may be explained by considering more violent variations, such 
as have been observed in other series of measurements, especially during disturbed 
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Fig. 5. Variation of the number of negative ions recorded at chosen limit mobilities ky of an 
aspiration condenser; f(k) mobility distribution of ions present. 


weather conditions. The fact that the conditions were not tranquil in this case— 
though not so much that it would not be possible to discern the shorter time 
variations—may be seen from the trends of the temperature and the relative 
humidity. During the night on August 7-8, the amplitude of the temperature 
curve was less than half of that on July 7-8. The concentration of ions was also 
half as great—which fact also indicates disturbances. 


Mobility distribution of the tons 

Because of the greater number of k, chosen in the same interval of mobilities, the 
structure of f(k) was finer. But because of the troubled conditions, which caused 
more violent variations and a lower level of the number of ions present, the time 
curves of the distribution function were not so definite as in the previous case. 
Despite these drawbacks, the following properties of the distribution function 
may be discerned: 
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(1) The occupied range of mobilities is nearly the same, from 0-4, 0-5 to 2 for 
positive ions and to 2-5 for negative ions, but 

(2) besides this range, there were also ions in a range of lower mobilities, and 
these two ranges were separated from each other. 

(3) In the region of mobilities from 0-4, 0-5 to 2, 2-5, the distribution function 
may be divided into two parts which were completely separated in some cases. 


4. DIscussION 


The measurements considered above seem to show that it is possible with very 
simple means to measure the mobility of the small ions in the atmospheric air 
under favourable conditions. The computed mobilities were not constant, but 
varied with time between certain limits. In addition, conclusions could be drawn 
that the ions present were distributed over a range of mobilities. How may 
these facts be brought into accordance with commonly used conceptions? It 
seems that a confusion exists concerning the atmospheric ions, owing to the 
application of ideas not appropriate to them. The ideas and definitions must 
therefore be clarified to begin with. 


Definitions and facts 

The classification of the atmospheric ions is founded upon their mobilities, the 
only quantity which can be measured with reliability. Usually we consider a 
gaseous ion to be an atom or a molecule with one or more electrons missing from 
the outer shell or shells (positive ion), or with one or more additional electrons in 
the outer shell or shells (negative ion). Such ions. which might be called atomic 
tons or molecular ions, may be observed in pure gases at lower pressures, and they 
are well investigated. But if these ions enter or are produced in gases at higher 
pressures (atmospheric pressure, for instance), their life is only a fraction of a 
second, and their mobilities are reduced to 1-2 cm sec—/volt cm-1. One of the 
explanations of this reduction in the mobility is based upon the assumption that 
other molecules become associated with the simple monomolecular ion when it 
enters in a gas atmosphere at higher pressure, thus forming a cluster-ion (ZELENY, 
1930). Under conditions of high purity the mobility of a cluster-ion is compara- 
tively well defined (for example k, = 2-0, k_ = 2-45 in air at atmospheric 
pressure (SCHILLING, 1927). The cluster-ion may therefore be assumed to be a 
comparatively stable aggregate. But now if the conditions are not of the highest 
purity—very small traces of impurity are sufficient—the mobility of the cluster- 
ion is reduced once again, in fact down to a region of mobilities with an average 
value of 1 or a little more. The average values of the mobility of natural small 
ions in the free atmospheric air do not differ much from 1 (Hgss, 1926; IsRak&L, 
1952). How can these facts be reconciled? It seems quite clear that atmospheric 
small-ions are not monomolecular ions, but it also seems that they are not pure 
cluster-ions. There exist two views about the mobility of cluster-ions (PRZIBRAM, 
1933). The mobility of a cluster-ion is discrete and distinct according to the first 
view. According to the other, the cluster-ions have mobilities statistically dis- 
tributed over a certain range of mobilities, between certain limits which are 
dependent on the impurities. Not all the methods of measuring the mobilities are 


102 





Mobility of atmospheric small ions during summer nights at Uppsala 


suitable for determination of the distribution mentioned, and moreover, some of the 
measuring methods have the disadvantage that they introduce a fictive dispersion 
of the mobilities over a larger range because of diffusion. This is not the place for 
a critical consideration of such questions, and that must be left to another occasion. 

A compromise may be made between the two views in question. The authors 
who promulgate the existence of discrete mobilities for the small ions have em- 
phasized the conditions of purity in their experiments, and it is very possible that 
under such conditions the mobilities are discrete or, in the event of a statistical 
distribution, that the limits of the distribution function are very narrow. On the 
other hand, it is not feasible that the extension of the measured mobility range 
established by other authors is due only to the measuring devices, as some of these 
authors have even established a separation of the distribution function into two 
parts (ERIKSON, 1929; TYNDALL ef al., 1928; ZELENY, 1930, 1931). It may be 
questioned whether the conditions were the same in all cases. Maybe we can assume 
that pure cluster-ions were involved when the experiments were carried out under 
conditions of purity, and that products of subsequent transformations caused by 
the impurities were included in the measurements when the conditions concerning 
purity were not so rigorous. It seems that the transformed small ions also form 
a definite group, with specific properties, though they have not been considered 
worthy of investigation until now. It is first necessary to assign a name to this 
class of ions. They are evidently formed from the initial small-ions. It might be 
supposed that they may perhaps also be transformed continuously into less 
mobile intermediate and large ions. It seems that is not so. Evidence for this 
conclusion is contained in the results obtained by the authors quoted, who have 
established the second lower mobility. Our results also show that the range of 
mobilities between 2, 2-5-0-4, 0-5 is delimited from the region of the following 
intermediate ions. Similar well-defined groups of free atmospheric ions with 
mobilities between 1-62 and 0-9 cm sec!/volt cm! and in the range 0-9 to 0-4, 
distinct from the following intermediate ions, were established by YUNKER (1940), 
who assumed that the ions in the range 0-9—0-4 were the same as found by Cuap- 
MAN (1937) in spraying and bubbling of liquids. Furthermore, the median 
mobilities computed by us, average k'+)mea = 1-01, k‘ mea = 1-13, agree very 
well with the average mobilities of atmospheric small ions given by other authors 
(HEss, 1926; Isra&L, 1952); and it is evident that commonly used measuring 
methods would not be able to establish a distribution of mobilities among the 
small ions. Such are the reasons for including the ions in question in the small-ion 
group, but in order to avoid confusion with the initial small ions, the transformed 
ions might be called affected small ions, or affected cluster ions, because the “‘pure’’ 
small ions are mainly affected by impurities. The question of how the initial 
small ions may be transformed into affected small ions must be left unanswered 
for the time being. It has been shown (Errkson, 1929; TyNDALL, 1928) that in 
the air the ionizing process itself gives rise to molecules which transform the initial 
ions. Our first intention was to clarify the confusion existing up to now con- 
cerning the small ions in the atmospheric air. This led to a clearer formulation of 
the problems associated with this matter, and these problems have been found 
worthy of investigation. 
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Application to our results 

Figs. 2 and 3 show columns which may be attributed to initial small-ions and 
to affected small-ions. To begin with, when emanation cannot be expected to 
accumulate in the air, the band of mobilities spreads from 0-5 to 2 (the first three 
columns for negative ions and the first for positive ions), or the columns with 
mobilities from 0-5 to 1 are heightened (the second and third columns for positive 
ions). Initial small ions were formed, but not so many, and they were transformed 
into affected small ions. After midnight the height of both the columns is higher, 
and the highest mobility of the group of affected ions is displaced to higher values. 
More new initial ions had been formed, and they could not be transformed so 
rapidly into affected small ions. At the end of the series the importance of affected 
small ions once more increases anew. The considerable amount of ions with higher 
mobilities after sunrise may be explained by the fact that at this time an increase 
in the concentration of large ions may be expected, as shown during our earlier 
measurements and under similar weather conditions (NORINDER and SIKsNa, 
1952a), and the content of radio-active substances in the air may increase with 
increase in the concentration of nuclei, as shown by BURKE and No.Lan (1950). 

A similar trend may be seen in Figs. 4 and 5, only the groups for initial and 
affected small ions were often completely separated here, because of the higher 
resolving power in this case. At lower mobilities, intermediate ions also occurred 
here. Deviation from the general trend may be explained by the weather con- 
ditions which disturbed the measurements, but the general shape remains. Indi- 
cations that small ions may be affected in this way have also been observed for 
ions formed in corona discharges (SIKSNA, 1953). 
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ABSTRACT 
By counting the ions in the air below a sheet covered over the ground, using a simple aspiration con- 
denser, it is shown that the small ions must be divided with respect to their mobilities into two fractions, 
which may be attributed to the initial small ions and the affected small ions. The ions counted were 


formed by the radioactive substances exhaled from the soil. It was observed that the mobility distri- 
bution of the ions depended on the speed with which the air was sucked through the intake pipe to the 


counter. 


1. INTRODUCTION 


In the layers of atmosphere near the ground the small ions are mainly produced 
by radioactive substances. The content of the radioactive substances is higher 
than normal in the surroundings of this Institute (NORINDER ef al., 1952). An 
increase has also been observed in the concentration of small ions caused by 
accumulation of emanation exhaled from the soil during quiet summer nights 
(NORINDER and SrKksna, 1952). During measurements of the mobility of ions 
present in the open air under such conditions (NORINDER and SIKSNA, 1953), the idea 
arose that it might be possible to observe an enhanced concentration of ions in the 
air near the ground by covering the ground and so preventing the exhaled emana- 
tion from dispersing in the higher layers of the atmosphere. And in fact, when the 
ground was covered with an impermeable screen the ion concentration was con- 
siderably higher in the air sucked from the space between the ground and the 
sheet than it was in the open air. The mobilities of these ions were investigated, 
in accordance with the view indicated in (NORINDER and SIKswna, in press), that 
the ions commonly called small atmospheric ions consist of initial small ions and 


affected small ions. 


2. MEASURING ARRANGEMENT 


The place for measuring was that used earlier when measuring atmospheric ions 
at this Institute (NORINDER and Srxsna, 1952; NorinpER and Sixsna, 1953). The 
measuring devices were placed in an observation hut (Fig. 1). The measuring 
apparatus was the same as used for determining the mobility of small ions in the 
open air during summer nights (NORINDER and Srksna, 1953): an ion-counter W 
with the Weger aspiration condenser. This counter was connected with the 
suction box B. An Ebert counter H was connected with the suction box in order 
to maintain a suitable air-flow through the box. The air was sucked into the 
suction box through a 3 m long pipe P, which consisted partly of a brass tube of 
3 cm diameter and partly of a flexible metal tube wrapped with insulating tape to 
prevent leakage. The suction pipe was partly buried in the earth, so that its open 
end came out a little above the ground, as shown in Fig. 1. Over the open end of 
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the pipe was placed a rectangular sheet of zinc 175 x 270 cm, and with the edges 
bent down so that a 10 cm high closed space was built close to the grass-covered 
ground. The ions counted came from this space. In order to determine the losses 
of ions during passage of air through the pipe, the latter could be bent so that its 
open end came under the protecting box on the roof of the hut, as shown in Fig. 1. 
By closing and opening the slides Sp and Su it was possible to suck the air supplying 
ions for counting from the open air at the level of the roof alternately through the 
pipe P and through the wide opening 7'. For determining the mobility of the 
ions present, the method of periodical alternation of chosen limiting mobilities 
of the ion-counter was used (NORINDER and Srksna, 1953). 
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Fig. 1. The apparatus used: W small ion counter with a Weger condenser; E Ebert ion counter; 
B suction box; P suction pipe; S sheet covering the ground; 7’ opening to the open air; C pro- 
tection box; S,, S,, S,, Sz slides; VC vacuum cleaners. 


3. RESULTS 


The concentration of ions in the air sucked from the space below the zinc screen 
was considerably higher than that in the open air. With the given measuring 
arrangement it was highest, c. 10 times higher than in the open air, when air was 
slowly sucked into the suction box (0 = 400 cm*/sec) only through the measuring 
counter W. When the air was sucked into the suction box with the Ebert counter 
as well, the concentration was lower, but even in this case it was 2-3 times greater 
than in the open air, even if the air-flow through the suction box was the maximum 
used—5400 cm3/sec. There was no indication that the air with the greater con- 
centration of ions might be exhausted from the space below the sheet, so that the 
concentration might decrease with time. Although variations of concentration 
were observed, as shown in Figs. 3 and 4, this was not due to exhaustion of the 
supply of ions. These variations with time were not investigated in detail, because 
if they are to be determined more precisely, the screen must also be made so that 
the air exhaled from the ground is not diluted with other air not containing so 
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many ions. Reduction of the concentration of ions when the air-flow is more rapid 
may be explained by reference to the loss of ions during passage of air through the 
pipe. The variation of this loss with the speed of air-flow through the pipe is 
shown in Fig. 2, which gives results of measurements when the open end of the 
suction pipe was placed on the roof, and the concentration of ions in the open air 
was measured by passing the air alternately through the pipe P and the opening 7’. 
From approx. ® = 0:8 1/sec the air-flow in the pipe is turbulent, and this fact 
may influence the loss of ions. As shown in Fig. 2, the loss of negative ions is 
greater than that of positive ions, which may be explained by the higher mobility 
of negative ions. Because of the comparatively low concentration of ions in the 
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Fig. 4. The number of negative ions in the air from the covered ground at chosen limiting mobilities 


k, of the counter and with an air-flow of 400 cm*/sec through the suction box. The distribution 
function f(k) of the ions with respect to the mobilities. 






























































open air, there was a large random error in the measurements of ion losses with the 
arrangement mentioned, especially at lower suction rates. In Figs. 3 and 4 the 
curves of the number of ions measured at the chosen limiting mobilities k, of the 
counter condenser are shown for the air sucked from the space below the sheet at 
® = 400 cm?/sec. Though a random variation may be seen, the numbers of ions 
counted at the three lower k, values—0-14, 0-31, 0-54 em sec™!/volt cm~1—could 
be assumed to be upon one curve, and may therefore be taken to represent the 
saturation at these limiting mobilities. For the first two measuring periods, 
averages of the measured numbers of ions were found for each limiting mobility 
k,, and with the aid of the n = F(1/k,) and n = $(k,) characteristics the distri- 
bution function f(k) with respect to the mobilities was computed. For the third 
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measuring period, the greater variations in the figures made it necessary to compute 
the mobility distribution of ions for four particular instants from the intersection 
of vertical straight lines with the curves giving the number of ions counted. As 
may be seen in the figures all the f(k) obtained are similar to that obtained for 
ions in the open air (NORINDER and Srksna, 1953). Furthermore, as in that case, no 
attempt has been made to distinguish a finer structure of the distribution function. 

The mobility distribution of the present ions is as follows: (1) The occupied 
range of mobilities is comparatively wide. It begins at c. 0-4—0-5 cm sec™}/volt 
cm~! for positive ions, and at c. 0-6—-0-8 cm sec™!/volt cm™! for negative ions, and 
reaches c. 2 cm sec~!/volt cm™ for positive ions. The upper limit of mobility for 
negative ions is usually c. 2-3-2-5 cm sec~!/volt cm~. This fact is not shown in 
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Fig. 5. The distribution function f(k) of the ions with respect to the mobilities at the suction 
speeds ® = 400 cm*/sec and ® = 5400 cm$/sec through the suction box. 


the figures, but the columns for higher mobilities are adequately heightened in 
these cases. (2) The distribution function may be divided into two components: 
ions with lower mobilities are included in one, ions with higher mobilities in the 
other. In some cases, a structure may be detected in these two components. The 
component representing lower mobilities is higher than that representing the 
higher. For positive ions the component representing lower mobilities is wider. 
At the ends of the observation periods considered, the component for higher 
mobilities increases—especially in the case of negative ions, where a higher 
column may be observed. Similar distribution functions were obtained from other 
series of measurements, by using the same air-flow ® = 400 cm3/sec and another 
of ® = 5400 cm?/sec through the suction box, as shown in Fig. 5. When the air- 
flow was greater, the number of ions was smaller, because of higher losses caused 
by the turbulent air-flow in the pipe; but the component representing higher 
mobilities was raised in this case for both the negative and the positive ions. 

It will be seen that the observed facts confirm the idea (NORINDER and SrksnNa, 
1953) that in the region of mobilities attributed to small atmospheric ions two 
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kinds of small ions must be accepted: the initial small ions and the affected small 
tons. The proportion of initial small ions may increase if the total concentration 
of ions increases because of the formation of new ions, as shown in Figs. 3 and 4 
during the last period when the total concentration increased. The proportion 
of initial small ions may also be greater if the air from the space between the 
ground and the sheet is transported to the counter with greater velocity 
(® = 5400 cm/sec, Fig. 5), because in this case the ions formed by the radio- 
active substances in the air conveyed through the pipe will enter the counter a 
shorter time after their formation. In order to obtain greater clarity on the 
problems dealt with, particularly concerning the shape of the distribution function, 
a more precise method of measuring ionic mobilities must be used. 
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ABSTRACT 


The claim of the observers that the main features of the airglow (other than the Meinel hydroxy] bands) 
originate from altitudes as great as several hundred kilometres is disputed. Consideration is given to the 
various excitation mechanisms which might conceivably be operative but even on the most favourable 
assumptions none appears likely to be sufficiently effective at such altitudes. In the.case of certain of the 
emissions, such as the D-lines of sodium, it is contended that the theoretical arguments are unequivocal. 


1. INTRODUCTION 


Much effort has been devoted to the determination of the location of the layers 
responsible for the airglow. The results are far from being in harmony, but most 
observers currently advocate that a number of the main spectral features originate 
from an altitude of several hundred kilometres. If correct, this is of the utmost 
importance in connection with the theory of the excitation processes, and indeed 
with upper atmospheric physics in general; but it is not a conclusion which 
should be accepted lightly: After briefly summarizing the published results 
we shall advance arguments against the altitudes being as great as 
claimed. 


2. PuBLISHED RESULTS 


Measurements have been carried out with spectrometers and with photometers. 
There has been a tendency of late to abandon spectrometers since it is now con- 
sidered that the correction for the background continuum is too uncertain. We 
shall therefore quote only a few of the results obtained with this type of instrument 
and concentrate our attention on the investigations carried out with photometers, 
the development of the use of which is principally due to ABADIE, VaSsy and Vassy 
and to Roacu and his associates. Table 1 lists the emissions studied and the 
altitudes found by various observers together with those recommended by 
BARBIER (1952) in a recent critical review of the work which has been done. 

The quantity that is actually measured is [(6)/I(0) the ratio of the intensity at 
zenith angle @ to the intensity at zenith angle zero. Knowing the value of this 
ratio for any given spectral feature it is possible, in principle, to determine the 
distance above the earth’s surface of the luminous layer concerned by the applica- 
tion of the classical formula of vAN Rutsn (1921). Corrections for atmospheric 
extinction and for extra-terrestrial radiation have however to be introduced; and 
as these are subject to some uncertainty it is natural to enquire if errors in them 
could account for the deduced altitudes being so much greater than the expected 
altitudes. To illustrate the position Table 2 was compiled using formulae due to 
BaRBIER (1944). It applies to a layer at the 100 km level (which is in the general 
region favoured by most theorists) and gives the calculated ratios [(75°)/I(0) and 
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Table 1. 


Summary of observational results 





Emission 


Reference 


Instrument* 
used 


Altitude (kms) 





Value derived in 
original paper 
cited 


BARBIER’S estimate 
from survey of 
all observations 





45893 of Nal 


26300 of OI 


Herzberg bands 
of O, 


Vegard-Kaplan 
bands of N, 

Meinel bands 
of OH 


Duray and TcHENG (1947b) 
Roacw and BARBrER (1950) 
Roacu and Pertir (1952) 


Duray and TcHEene (1947b) 

Roacu and BarBiErR (1950) 

BaRBIER, DuFay and 
Witurams (1951) 

Roac# and Pertir (1951) 

Roacu and Pertir (1952) 

ABADIE, VASSy and Vassy 
(1949) 


Duray and TcHENG (1947b) 

Roacu and Pettit (1952) 

ABADIE, Vassy and Vassy 
(1949) 


BARBIER (1947b) 
BARBIER (1953) 


BARBIER (1947b) 


Roach, Pettit and 
Wituiams (1950) 


~~ we fy Rtyty “me fybute 


80 
310 
275 


100 
110 


215 
250 
200 
400 to 1000 


180 
275 


400 to 1000 


350 
100 to 400 


900 


70 





Approximately 300 


250(-+ 30) 


Much greater than 
250, perhaps about 
500 


200 to 250+ 


350( + 100) 


Close to 70 


Hurvuuata (1950) 


BaRBIER, DuFAY and 
WILLIAMS (1951) 


25180 continuum 
460(-+50) 

















* S denotes spectrometer and P photometer. 

+ In his review BARBIER (1952) gave the probable altitude for the Herzberg band system to be 100 km. 
This is not outside the range allowed by his latest observations (1953), but he now favours an altitude of 
200-250 km because he considers that the variation in intensity of the system is so similar to that of 
25577 that the two luminous layers must lie close together. It may be remarked that correlations between 
the variations of 45577 and the 45180 continuum (Barsrer, Duray and WILLIAMs, 1951), and between 
the variations of 46300 and 15893 (Duray and TcHENG, 1947a) have also been reported. Though undue 
weight should not be attached to them, these correlations should be borne in mind in the subsequent 


discussion. 


I(80°)/I(0) for various assumed values of 7, the atmospheric extinction coefficient, 
and of p, the zenith intensity due to extra-terrestrial sources over the zenith 
intensity due to the layer. Consider now some representative observational data. 

Ra 


BaRBIER, Duray and WILLIAMS (1951) find that J(75°)/Z(0) is 2-20 for 45577; 
and Roacu and BaRBIER (1950) find that /(80°)/Z(0) is 2-21 for 15893.§ If haze is 


+ For simplicity + has been taken to include both Rayleigh scattering and true absorption though 
strictly the two effects should be treated separately. The errors introduced by the approximation are 


insignificant. 
§ It should be noted that the measured ratios show a wide scatter: for example, in a survey of the 


sky which Roacu and Barsirr give in detail as typical (80°)/J(0) ranges between 2-09 and 3-28 for 
the different azimuths. 
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completely absent the value of 7 should be about 0-11/atmosphere at the former 
wavelength, and about 0-09/atmosphere at the latter. It is judged too, by the 
authors responsible, that the results cited correspond to a p of zero. On com- 
parison with the figures presented in Table 2 it will be seen that they can only be 
reconciled with an altitude of approximately 100 km by assuming that atmospheric 
extinction is grossly underestimated, that extra-terrestrial radiation is very 
incompletely eliminated, or that there is an unknown source of error; and none 


of these assumptions would seem at all plausible in view of the care with which the 
measurements have been conducted.* It must be acknowledged therefore that the 
observational evidence is strong. In spite of this we believe that the problem is far 


from closed. 





0-3 





I(80°)/T( 


0-00 : 3-05 ye 3°81 


ww 


0-03 
0-06 
O OY 
0-12 
0-15 


bo bo bo 


— — KD 


2-00 











3. THEORETICAL CONSIDERATIONS CONCERNING THE ALTITUDES 
The source of the airglow has not yet been established beyond dispute and it is 
conceivable that some mechanism has been completely overlooked by the theorists. 
Caution must therefore be exercised in making deductions about the location of 
the luminous layers. Nevertheless in the case of some of the emissions the objections 
to an altitude of several hundred kilometres seem almost conclusive; and if the 
observed altitudes of these emissions are, in fact, incorrect the observed altitudes 
of the others must be regarded as at least suspect. 

For convenience we shall discuss the different spectral features separately. 


25893 of Nal 

Free atomic sodium is an extremely rare constituent of the upper atmosphere: 
for example from a search of high dispersion stellar spectrograms for signs of the 
D-lines in absorption SANForD (1950) concluded that at night there is at most 
some | 10!° Na atoms/cm? column. Because of this rarity BATES and NICOLET 
(1950a) were able to prove by general arguments, which need not be repeated, that 
if (as seems probable) some chemical reaction gives rise to the excitation, then the 


* However since this was written CHAMBERLAIN and OLIVER (1953) have reported that there is 
spectral regions starlight is much more important than has hitherto beer 


evidence that in at least som«e 


believed 
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altitude is certainly very much less than 300km (cf Table 1) and indeed can 
scarcely be much above 70 km. 
It has been shown (Bares, 1947) that near the 300 km level 


n(Nat) > n(Na) (1 


where the n’s represent the concentrations of the particles indicated. Consequently 


a natural suggestion to make is that the excitation is provided by some ionic 


reaction. Radiative recombination, 
Nat + > Na(3 2P) + hr, 
obviously can be ignored; but the charge transfer process, 
Nat + O- > Na(32P) + O, 


has been advocated by Sawa (1952) and merits some consideration. The simples‘ 
procedure is to examine whether it is possible to meet the essential requirement, 
that the rate of removal of the neutral sodium atoms must be equal to the rate of 
their formation which, if (3) is responsible for the airglow, must be at least as great 
as 8 x 107/(em? column sec), the 45893 photon emission rate (RoAcH and Perrtir, 
1952). Loss by chemical association has already been shown to be utterly 
inadequate (BaTEs and NicoLet, 1950a). The only other possibility is loss by 
ionization. Processes not in some way peculiar to sodium can clearly be disregarded. 


Though 


and 


be low (cf Massey and Burwop, 1952); and even if they were 10-1 cm/sec, if the 
total number of Na atoms in the region of the 300 km level were 10°9/em? column, 
and if n(O+) or n(N*) were 10°/cm® (all of which are gross over-estimates) the Na 
yield would only be 10°/(em? column sec), which is much too small. 

The occurrence of fast electrons in the F-layers is sometimes postulated but, 


may occur, neither are in close energy resonance so that the rate coefficients must 
“ ©. 


as may readily be verified, there is no possibility of appreciable excitation by them 


since the rather large cross section associated with 


Na(3 28S) + e—> Na(3?P) + e (6) 

(ef Massey and Buruop, 1952) fails by many orders of magnitude to compensate 
for the rarity of the free sodium. 

Credence cannot be attached to the hypothesis that the radiation arises from 


incoming Na atoms* for even if the kinetic energy were as low as 100 e volts 
} 


(which corresponds to a velocity about equal to that of the earth in its orbit) the 
Doppler shift would be approximately 0-5 A whereas according to BrRIcaRD and 
PI I . > 


* Because of photo-action Nat ions must actually predominate (cf Kann, 1950) but they need not 
be considered in the present connection as they would be directed towards the Poies. [It may be remarked 
BARBIER and Perrit (1952) find some evidence that the intensity of the D-lines decreases with 


that 
t ind the first-named author (1947a) reports that they are n¢ 


increasing distance from the Equator, ¢ 


enhanced during low latitude aurorae. 
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KastLer (1944) the shift of part of the actual airglow emission is some 0-01 A or 
less. Moreover the incident stream would have to be absurdly dense to provide 
the observed intensity. Only a small fraction of the kinetic energy would appear 
in the D-lines (cf HERLOFSON, 1947), and even if the fraction were 0-1 (which is 
improbable) the Na atom concentration in the stream would have to be some 
6/cem*. Such a concentration is of course impossible to accept. 

The case against 45893 being emitted from an altitude even approaching 300 km 


would seem to be apodictic. 


45577 and 46300 of OI 

The high abundance of atomic oxygen makes hazardous any attempt at enumerat- 
ing all conceivable excitation processes. Because of this it would be improper to 
claim finality for any purely theoretical analysis of the situation; but the doubts 
that may be cast on the altitude given in Table 1 for the green line, and (to a 
lesser extent) on that given for the red line, are so grave that great weight must 


be attached to them. 
CHAPMAN’S proposal (1931) that the excitation occurs during three-body 


association, 


0+0+0-- 0, + O(}'S or 1D), (7) 
has some unattractive features but is widely accepted as the most plausible yet 
advanced. Any emission ensuing would be expected to be mainly from the region 
near the 100 km level since this is where n(O) is greatest. Admittedly the luminosity 
might lie at a higher level in the unlikely event of the rate coefficient, «, being a 
rapidly increasing function of the temperature. Account must however be taken 


of the absolute intensity. If the altitude were 250 km, as claimed, the local 
concentration n(O) could only be about 2 x 10!°/cm® even if the temperature 
were as high as 2000°K (cf BaTEs, 1951la); so that if the effective thickness of the 
active layer were 100 km, and « were 10~%* cm®/sec (an improbably large value), 
the photon yield would be about 10®/(cm? column sec), which is some hundred 
times smaller than the observed. The discrepancy would be even greater if the 
atmosphere should prove to be as cool and tenuous as measurements made during 


Table 3. Results of rocket measurements 





Mean molecular mass corresponding 
to nitrogen and oxygen in atomic 
form assumed 


Mean molecular mass corresponding 
to nitrogen in molecular form and 
oxygen in atomic form assumed 


Altitude 
(km) 





Total particle 


Temperature 
(°K) 


Total particle 
concentration 
(/em?) 


Temperature 


(°K) 


concentration 
(/em) 











1-2 x 1910 
4-3 x 109 
1:8 x 109 








2:0 «x 10910 
7-1 x 10° 
2-9 x 109 
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a recent rocket flight (The Rocket Panel, 1952) suggest (ef Table 3). These measure- 
ments are preliminary and require confirmation. Use will not be made of them 
hereafter in order to minimize the risk of raising unreal objections to the acceptance 
of the altitudes deduced from the observations. 

In spite of the efforts of a number of investigators no chemical reaction, other 
than three-body association, has yet been found which could excite the green 
line. The energy requirement for the red line is not so difficult to meet and both 


N + 0, NO, + O(}D) 
and 

N + NO N, + O(D) 
are exothermic. However (8) must be unimportant at great altitudes because of 
the rapid diminution of »(Q,) above the O — O, transition layer; and a recent 
photo-chemical study (BaTgEs, 1953) indicates that the distribution of nitric oxide 
is not such that (9) could lead to appreciable emission from the region favoured 


by BARBIER. 

Mitra (1952) advocates the view that the airglow is due to the release of the 
ionization energy stored in the F-layer through the recombination of oppositely 
charged particles; he considers, for instance, that the forbidden lines of atomic 


oxygen might arise from 
O+ + O- > O + O('S or 'D), (10) 


or from some similar process. The predicted altitude of the emission is in general 
agreement with the altitudes deduced from the more recent measurements (cf 


Table 1). However the number of ions present in the layer at midnight is 
apparently at least several times smaller than the number required to maintain 
the observed photon intensity of 245577 until dawn (cf Bates and Massey, 1946). 
Though the discrepancy is not very large the quantities concerned seem to be 
determined too closely to allow it to be dismissed. Other difficulties have been 
raised elsewhere (BATES, 1948). 

In the absence of any proper theory of their origin it is of course highly 
speculative to invoke fast electrons. Nevertheless the hypothesis that they provide 
excitation at great altitudes through inelastic encounters with oxygen atoms 


O + e—> O'S or 1D) + e (11) 


must be considered. SEATON (1953), who has recently carried out a thorough 
quantal study of the processes, finds that the cross section associated with the 
excitation of the 18 level is much less than that associated with the excitation of 
the 1D level. From his detailed results it may readily be shown that the hypo- 
thetical fast electrons cannot be responsible for the green line; for, if they were 
abundant enough for this, it would appear that they would cause the red line to be 
at least about five times as intense as is observed.* The argument depends on the 





* The possibility that the 1D level alone is excited of course remains. SPiTzER (1945) has suggested 
indeed that the thermal electrons in the high energy tail of the Maxwell distribution may be sufficient 
for the excitation, but it is not easy to reconcile this with the fact that the intensity of the red line 
remains almost constant throughout the sunspot cycle (cf RAYLEIGH and Jongs (1935), Duray and 


TCHENG (1947a). 
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assumption that deactivation does not exert a major influence but, in spite of the 
fact that the radiative life of O('D) is 110 sec (GARSTANG, 1951), there is little 
doubt that this assumption is valid. Thus it may be shown from SEATON’S cross 
section data that if the electron concentration and temperature were 5 x 105/em% 


} 


and 2000°K respectively (both of which are high) the life of the metastable atoms 


to destruction by. 
(12) 


would be about 1000 sec. Again, the effect of excitation transfer or chemical 
change in collisions with atoms or molecules can searcely be important in view of 
the extremely low gas density. The only excitation transfer process which does not 


involve a large energy defect is indeed 


OD) + 0,(X 32, , v LU *7.) .(b1E+, v = 2) — (0-004 e volts), (13) 


and this does not in fact lead to deactivation, for the reverse process, which also 
occurs, (O,(6 12 being metastable) is strongly favoured by the high n(O)/n(O,) 
ratio.* Destruction of the metastable atoms by some chemical reaction cannot be 
completely excluded but none of the obvious possibilities are at all plausible: 
for example even if the associated rate coefficient were as much as 107! cm3/sec 


the reaction 
(0-56 e volts) (14) 


would not be sufficiently effective unless n(N ir the 250 km level were at 
least some 108/cm*® which is most unlikely \TES, 1953). Support for the pre- 
dictions as to the influence fast electrons would have on the emission is furnished 
by the spectra of low latitude aurorae; for in these 26300 is very much stronger 
than 45577 (G6rz, 1941, Duray and TcHENG, 1942;) whereas in the spectrum of 
the normal airglow the two lines are of about equal intensity. It is suggestive, 
too, that 45199 of atomic nitrogen is present in the former (Duray, Gauzit and 
TCHENG. 1941) but is absent from the latter. 

Another speculative possibility which may be mentioned is that the oxygen is 
excited by in-falling interplanetary atoms of velocity of perhaps 5 x 10® cm/sec 
(cf GINZBURG, 1952). The hypothesis cannot be rejected with the same assurance as 
can the hypothesis that sodium swept up by the Earth is itself excited in collisions 
with the atmospheric constituents. However it would scarcely be anticipated that 
the intensity would be sufficient; and again the pronounced seasonal variation 
(RAYLEIGH and JoNEs. 1935) would be difficult to understand with such a source. 


Finally it may be pointed out that irrespective of the excitation processes the 


lack of correlation bet 
(cf Duray and TcHenG, 1947a) indicates that there must be significant deactiva- 


tion:t and as has been seen it is not easy to understand how this could occur at 


sreat altitudes. 


* It isto be noted a that difficulties would arise in connection with polar aurorae if the mechanism 
supposed to be « rati suppressing the red lin t great altitudes were of such a nature that it 
would be very 


+ The lower level of the green lin ‘ourse the upper level of the red line. 
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The Herzberg and Vegard-Kaplan band systems 
Arguments similar to those advanced in the previous section make it exceedingly 
unlikely that the Herzberg band system is excited by processes involving charged 
particles, such as 

OF + OF —» O44 *2t5.4-0, (15) 


O, + e—> 0,(A 3XP) + e; (16) 


and a very powerful additional argument is provided by the fact that the system 
is not enhanced in aurorae. As far as is known simple three-body association 


O+ O+4+ X= O1etR EF (17) 


u 

is the only suitable chemical process. This should be rapid enough to yield the 
required photon intensity (some 2 x 108/(em? column sec) BAaRBIER, 1953) from 
the region near the 100 km level, but for the reasons detailed in the discussion on 
the related process (7) it could not give rise to appreciable emission from great 
altitudes. Further elaboration of the theoretical considerations is unnecessary for 
the contention that the luminous layer lies at an altitude of 200-250 km is in 
conflict with certain measurements. From studies of the profiles of the bands 
Swines (1943) deduced that the rotational temperature of the emitting oxygen 
molecules is about 150°K, and BARBIER (1947c) that it is between 170 and 220°K.* 
Such temperatures almost certainly do not occur above about the 100 km level— 
and if in fact they did occur the gas density at altitudes of 200-250 km would be 
much lower than hitherto assumed, and the already cogent case against there 
being any appreciable emission from this region would be correspondingly 
strengthened. 

Much the same considerations apply to the Vegard-Kaplan band system and 
we content ourselves with recalling that according to CABANNES and DUFAY 
(1946) the rotational temperature is only 230°K, which is much lower than would 
be expected if the emission originated from near the 350 km level as claimed. 


Meinel band system 

The altitude of 70 km favoured by Barsier (1952) for the Meinel band system is 
consistent with the rotational temperature being 260°K, as the direct measure- 
ments indicate (MEINEL, 1950), and is in harmony with the views of the theorists 
(BatrEs and Nico.Let, 1950b), so that a detailed discussion would be superfluous. 
This is the only case in which there is not a most grievous discrepancy and it is at 
least suggestive that the system concerned is the one most suited to observational 
work,t the corrections for atmospheric extinction and for any extra terrestrial 


component being comparatively small owing to its spectral position and its great 


intrinsic intensity. 


* These results admittedly cannot be regarded as final since the band structure was not resolved 
(NicoLet, 1952). 

+ As evidence of the difficulty of the observational work even here it may be mentioned that 
Hurunata (1950) obtained an altitude of 300 km. Barsier rejects this result as he considers that 
Roacu, Pettit and WiLtiaMs (1950), who obtained an altitude of 70 km, took greater precaution in 


eliminating systematic errors 
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45180 continuum 


The processes which might be invoked to explain the non-discrete radiation are 
limited to free-free, bound-free and free-bound transitions. As will be seen none 
of these appears capable of emitting a continuum from the 460 km region whose 
photon intensity is as much as the observed 8 x 105/(A cm? column sec) (BARBIER, 
DuFray and WILLIAMS, 1951). 

Free-free transitions may be ignored from the onset: for the photon energy in 
the continuum under discussion is as high as 2-4 e volts and the number of particles 
with this much kinetic energy is utterly inadequate. 

Several arguments may be adduced for dismissing bound-free transitions, but 
the following suffices. Nitrogen is the only molecular species which is not 
undoubtedly exceedingly rare at an altitude of 460 km; as its dissociation energy 
is 7-4 e volts or more (HERZBERG, 1950; GayDOoN, 1953) the excitation energy of 
the unknown bound level concerned would have to be at least 10 e volts; so much 
energy could only be provided through collisions with fast particles; and sufficient 
particles with 10 e volts kinetic energy are not normally present since if they were 
they would indubitably excite many of the lines and bands characteristic of 
aurorae. 

Free-bound transitions involving electrons need not be discussed at length. 
There are two principal types, radiative recombination and radiative attachment. 
It has long been established that the former is unimportant under upper atmos- 
pheric conditions (BAaTEs, BuckinGHAM, MassEy and Unwin, 1939). As regards 
the latter, though 


O+e>O-+hy (18) 


may perhaps give a weak but observable continuum* the centre of the luminosity, 
far from being in the 460 km region, must be somewhere between the F and F- 
layers: for the photon yield from any level is proportional to yn(O)n(e), and 7, 
the attachment coefficient, is known from quantal investigations (BATES and 
Massey, 1943) to be either approximately constant or a decreasing function of 
the temperature. 

For atomic free-bound transitions such as 


O + O0- O, + hy (19) 


it is conceivable (though unlikely) that the rate coefficient increases so rapidly 
with the temperature that the main emission takes place in the 460 km region in 
spite of the fall off with altitude of the gas density. However, if this should be the 
case the usual difficulties would arise in connection with the absolute intensity. 
At temperature 7 the differential rate coefficient for the photon yield from atoms 
whose nuclear separation lies between R and R + dR is given by 


25677? 


3h2( R)3 


(T, RAR = D(R)2r exp {—U(R)|kT} RAR 


* This continuum probably lies in the green or yellow but its spectral position cannot be predicted 
closely as the electron affinity of atomic oxygen has not yet been determined with precision (cf MAssEy, 
1950). 


120 





The altitudes of the luminous layers in the earth’s atmosphere 


where h is Planck’s and k Boltzmann’s constant, A is the wavelength of the radia- 
tion emitted, D(R) is the dipole moment associated with the electronic transition 
involved, U(R) is the potential energy of the initial state (measured with respect 
to the dissociation limit), and r is the ratio of the statistical weight of this state 
to the total statistical weight of all possible states of the colliding system (BaTEs, 
1951b). On taking 4 to be 5180 A and substituting numerically (20) becomes 


y(T, R) dR = 1-7 x 108D(R)*r exp {—U(R)/kT} R? dR cm/sec (21) 


where F is in cm and D(R) is in atomic units. To favour the hypothesis under 
consideration it will now be assumed arbitrarily that the °II, potential curve is of 
a suitable form and that (19) is brought about through the ‘II, — *Z, transition. 
Like all others which might be invoked this is of the sub-Rydberg type (cf 
HERZBERG, 1950) so that D(R) can scarcely exceed unity and is probably much 
less. Inspection of the *Z, potential curve indicates that R(5180A)? is about 
3 x 10-16 cm? and that a dR of about 1 x 10-12 cm corresponds to a 1 A wave- 
length spread. Since r is 6/81 it follows from (21) that R the rate of emission of 
photons is at most some 


{4 x 10-*! exp (—U(R)/kT)n(0)?}/(A cm? sec) (22) 
The exponential factor at the 460 km level would have to be very small for P there 


to be even 4 times P at, say, the 200 km level. For example it would have to be 
2:5 x 10-3 if, to take a rather extreme distribution 


n(O|460 km)/n(O|200 km) = 0-1, 7(460 km)/7(200 km) = 2. (23) 


With this value the limit in (22) reduces to about 
1 x 10-23n(0)2/(A em® sec) (24) 


which clearly cannot be reconciled with the observed intensity. Because of the 
possibility that n(N|460 km)/n(N|200 km) may be larger than the corresponding 
ratio for atomic oxygen the case against accepting 


N+ 0—-NO + Ay, (25) 


though strong, is not absolutely conclusive. 

Quite apart from the difficulties in attributing the luminosity to the 460 km 
region it must be remembered that some of the processes occurring in the 100 km 
region would be expected to yield an intense continuum. For instance the fact 
that the temperature is but moderate does not prevent (19) from proceeding 
through the A *X* — X %y, transition since the A *Z; potential curve is 
attractive; and from figures given elsewhere (BATES, 1951b) it may be seen that 
to provide the photon intensity which is observed, 8 x 105/(A cm? column sec), 
the associated differential rate coefficient need only be of order 10-26 em3/(A sec). 
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ABSTRACT 
A new apparatus is described for giving continuous records of the atmospheric electric field at the 
earth’s surface, suitable for use in various conditions. Some typical records are given. 


1. INTRODUCTION 


Various methods have been used for the measurement of the vertical electric 
field in the atmosphere close to the earth’s surface; these can be divided into two 
main groups, based respectively on the potential at a point in the atmosphere and 
on the ‘‘bound”’ charge on a portion of the earth’s surface. 

The present work describes an apparatus of the second group, designed so as 
to be able to function over a wide range of sensitivities and under all conditions 


of weather. 


2. PRINCIPLE OF THE AGRIMETER 


The present apparatus has been called the ‘Agrimeter’’ (derivation obvious!) 
to distinguish it from the more familiar “‘field mill.” 

The action is based on the following principle: a fixed earthed cover has an 
opening under which a moving plate can pass. The plate is connected to earth 
when it is beneath the opening and its upper surface then carries the charge 
corresponding to the lines of force ending on the plate, a charge proportional to 
the field strength. The earth connection is broken while the plate is exposed to the 
maximum number of lines of force, and the plate carries its charge with it. When 
the plate has passed under the cover, it can make contact with a “collector” and 
gives up a proportion of its charge. If the field strength remains constant, each 
time the plate reaches the collector it carries the same amount of charge and it is 
at the same potential. Measurement is then made either of the charge or of the 


potential. 


3. CONSTRUCTION OF THE AGRIMETER 


An electric motor of } H.P., giving 1425 revs/min drives a horizontal steel shaft, 
mounted on ball bearings, through a rubber coupling to avoid transmission of 
vibration. On the shaft are mounted, at a distance apart of 30cm, two Tufnol 
discs of thickness 1 cm and radius 10 cm. Six copper plates of thickness 4 mm and 
breadth 6 cm are fixed, parallel to the shaft, at equal intervals on the rims of the 
discs, forming a kind of “‘squirrel cage’; Fig. 1 shows the apparatus with the motor 
at rest. Fig. 2 shows the end-on view at the end remote from the motor; F is one 
disc and B - - - B the copper plates. 

G is another, smaller J'ufnol disc of radius 4 cm and thickness 1-5 cm. G is in 
contact with F and so the surface of G in Fig. 2 is 1-5 cm in front of that of F. 
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Fig. 1. Agrimeter open and at rest Fig. 3. Agrimeter closed and in use 


Fig. 4. 17-hour record in fine weather 


Fig. 5. 17-hour record in disturbed weather 
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Fig. 6. 13-minute record in fine weather with open agrimeter 


28-minute record in shower 





The agrimeter for continuous recording of the atmospheric electric field 


On the rim of G are fixed 12 brass sectors A--- A, with intervals of about 1 mm 
between them; the radial thickness of the sectors A--- Ais 2cm. The sectors 
A---A are turned so that the outer surfaces all lie exactly on a cylindrical 
surface concentric with the shaft. Alternate brass sectors are connected to corres- 
ponding copper plates, the intermediate sectors being left unconnected. 

Two spring-loaded carbon brushes, C and D, are fitted so as to make contacts 
with the sectors A, C when the corresponding copper plate B is at its highest 
position and D when it has moved round through about 60°. 





Fig. 2. Diagrammatic end-on view. 


The whole is mounted on a steel base and surrounded on four sides by a wooden 
box, on the top of which is placed a copper lid E, with a hole 17 cm by 9cm. The 
hole is arranged to be placed symmetrically above the middle of the cage. The lid 
is then able to prevent rain from reaching the T'ufnol discs, and any splashing 
from the plates will take the water to the box rather than to the discs. The whole 
apparatus is sunk into the ground so that the lid E is approximately in the plane 
of the earth’s surface. Fig. 3 shows the agrimeter closed, in use. 

The upper brush, C, is connected to earth and to an earth line into the building 
housing the measuring instruments. The lower brush, D, is connected by coaxial 
cable to the measuring instrument, the other terminal of which is connected to the 
earth line. The motor, the copper lid, the sheath of the cable and the steel base 
are connected to earth and an earthed phosphor bronze spring strip makes contact 
with the shaft; there is also a connection across the rubber drive. 


4. METHOD OF MEASUREMENT 


The output from the collector can be used in two distinct ways. If the collector is 
connected directly to an insulated instrument for measuring potential, such as a 
quadrant electrometer, then, in a steady field, the electrometer acquires by stages 
the potential of the plate at the time of contact with the collector; if the field 
alters, the altered potential of the moving plate is communicated to the electro- 
meter after a number of contacts which depends on the relative capacities of the 


125 





J. ALAN CHALMERS 


plate and the electrometer system. This was the method used by RussELTvEpT 
(1925), WorKMAN and Houzer (1939) and Goro (1951), in earlier forms of the 
apparatus; in each case an electrometer of small capacity was used, so that a 
rapid response was obtained. This method has the advantage of being independent 
of the motor speed. 

On the other hand, if the collector is connected directly to earth through a 
galvanometer of low resistance, then the charge on the plate each time it makes 
contact with the collector runs directly through the galvanometer. There is then 
an intermittent current through the galvanometer, and if the interval between 
successive contacts is small compared with the time of oscillation of the galvano- 
meter, there will be a steady deflection in a constant field and the response to field 
changes will be governed by the response of the galvanometer. This method has 
the great advantage that it does not depend upon very high insulation in the 
agrimeter; so long as the insulation resistance remains high compared with the 
galvanometer resistance, the current gives the correct measure of the field. 
Another advantage, compared with the potential method of measurement, is the 
ease with which the sensitivity can be altered by alteration of the galvanometer 
shunt. In order to minimize effects due to thermoelectric and other potentials, it 
is found useful to insert a resistance of some megohms between the agrimeter and 
the galvanometer. Variation of motor speed, due to variation of mains voltage, is 
eliminated by the use of a constant voltage transformer. 

In fine weather, it is possible to increase the output by removing the copper lid, 
thus exposing a much larger area of the plates to the field. 


5. THEORY OF THE AGRIMETER 


A plate of area A cm? exposed to a field of strength F carries a charge 


Q = FA/4n 
when Q and F are expressed in E.S.U. If Q is in coulombs and F in volts/metre, 
Q = FA X 10713/362 


If the capacity of the plate when in contact with the collector is C, the capacity 
of the collector, cable and connected apparatus D, the resistance between the cable 
and earth R, and the time between successive contacts of plates and collector 7’, 
then it is simple to show that the average current through the resistance R is: 


Q 


'?-OR TF 


provided that C and 7'/R are small compared with D. 
The potential developed across R is: 


QR 


"R-CR4F 
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The two types of measurement discussed above consist of measuring V, with 
R very large, giving: 
Vo = Q/C 


and measuring J, with R small, giving 
I, =Q/T. 


Measurements, in addition, have been made with R = 94 megohms and the 
results have been consistent with the theory, giving a value of C of about 31 uyf. 

For calibration, a plate is arranged to move over the opening at definite 
intervals, at times carrying zero potential and at times a fixed potential. Absolute 
calibration was carried out by comparison with the potential on a stretched wire 
carrying a glowing fuse. 

The galvanometer used has a sensitivity of 1cm = 6-32 x 10-4 wa and a 
field of 100 v/m gave a deflection, with the agrimeter closed, of 0-53 em. With the 
agrimeter open, the deflection was 4-8 cm. 

Calculations show that rain currents are not able to affect the galvanometer 


readings appreciably. 


6. TYPICAL RECORDS 


Figs. 4 and 5 show 17-hour records in fine and disturbed weather respectively; 
the earthed movable plate covers the hole for } minute every 5 minutes, but every 
2 hours the plate is charged for 10 minutes to 12-2 volts, giving a field corresponding 
to 277 v/m. 


Fig. 6 shows a 13-minute record in fine weather with the agrimeter open. At 
the start and finish of the record are periods with a plate over, with fields corres- 
ponding to 0 and 133 v/m. The vertical white lines represent intervals of } minute. 
Fig. 7 shows a 28-minute record during a shower, with the agrimeter closed and 
at a low sensitivity. At 3 of the 5-minute intervals, the covering plate is earthed 
and at the other two it carries a potential of 60 volts corresponding to 1300 v/m. 


7. PERFORMANCE 


The agrimeter has been run continuously for several months without attention 
beyond occasional tightening of the spring loading of the contacts; when the 
springs are too loose, the output shows an oscillation of period around } minute, 
as can be detected om some of the records. After some months’ use it has been found 
necessary to adjust bearings and replace brushes, but otherwise the apparatus 
has needed little care. 

Even in snow, or very heavy rair, there has been no indication that the agri- 
meter did not behave normally. 

Small drifts and irregularities of the zero have been noticed, but, with the 
regular calibration, these are not serious. 

Attempts have been made to feed the potential output into an amplifier to 
provide compensation for field changes, in the manner used by GoTo (1951), but 
the output has not been steady enough for these attempts to have yet been success- 
ful; it may be that an improved brush system will be required. 
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ABSTRACT 

Observation of the amplitudes of atmospherics received in the high frequency band offers a possible 
method of assessing the distances of their sources. In a preliminary investigation of the potentialities 
of the technique, atmospherics have been recorded simultaneously at two frequencies in the upper part 
of the h.f. band. Reception would be expected at both frequencies from sources withih ground-wave 
range (about 100 km). At rather greater distances, such that the receiving point is in the skip zone for 
both frequencies, no reception should be possible. There should then be a zone from which there should 
be reception on the lower frequency only, and at greater distances energy should again be received at 


both frequencies. 
The preliminary results conform generally with this pattern, and the boundaries of the various zones 


are in agreement with the ionospheric data derived from vertical incidence soundings. The sources of 
the atmospherics observed were located by use of the network of direction finders operated by the 
Meteorological Office. It is concluded that the technique forms a basis for routine estimation of the 
distances of storms and merits further examination to determine more precisely the accuracy which 
can be achieved and to overcome certain practical difficulties in the observations. 


1. INTRODUCTION 


Investigations into the nature of atmospherics and their propagation over the 
earth have hitherto been conducted mainly at frequencies below 100 kc/s—a part 
of the spectrum in which the energy radiated by an atmospheric is high. At these 
frequencies it is not difficult to study individual atmospherics for they have large 
amplitudes and are separated by periods of low noise field intensity. Examples of 
past developments are the location of thunderstorms by direction finding on 
atmospherics, improvement of knowledge of the characteristics of the discharge, 
and the recording of waveforms of atmospheric to study propagation phenomena 
at very low frequencies—in particular, the properties of the ionosphere. 

As the frequency is raised, the study of atmospherics becomes increasingly 
difficult, partly because their intensity diminishes and becomes comparable with 
the large number of radio signals which almost fill the spectrum, and partly 
because many more atmospherics are received and they tend to overlap and pro- 
duce continuous noise. However there is a need for a method of assessing the 
distances of sources of atmospherics by observations at a single point and the 
possibilities of using measurements at high frequencies should not be overlooked. 
One possible method of location involves the determination of direction by the 
usual methods at low frequencies, coupled with the determination of the maximum 
frequency in the h.f. band at which energy is received from the atmospheric. 
The skip distance corresponding to this frequency should be calculable from a 
knowledge of ionospheric conditions. 

In this paper a preliminary investigation of the possibilities of this technique 
is described. The main objectives were to determine whether individual atmos- 
pherics could be distinguished in the general noise at high frequencies, to relate 
the reception of atmospherics to the ionospheric data and to determine the accuracy 
required for an operational system to be practical. 
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2. OBSERVATION TECHNIQUE 


Atmospherics were recorded simultaneously at two frequencies which were normally 
1 to 3 Mc/s apart in the upper portion of the h.f. band. The principle of the 
apparatus is illustrated in Fig. 1. Two receivers of equal gain and bandwidth 
(10 kc/s) were connected to a common aerial and the rectified output voltages 
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Fig. 1. Apparatus for recording atmospherics at high frequencies. 


applied to two cathode ray tubes. These were mounted in such a way that by 
using a semi-reflecting mirror both traces could be photographed on a single 
35 mm film moving at uniform speed (0-5 cm/sec). No time bases were applied 
to the tubes, the receiver outputs simply deflecting the spots in directions normal 
to the direction of travel of the film. A sample record is shown in Fig. 2, in which 
the output voltages of the receivers are represented by deflections from the centre 
of the film; the reference marks along the lower edge of the film were made by 
lighting a neon lamp in the camera by pressing a switch. The marks, (a), (b), (c), 
(d), refer to atmospherics observed by cathode-ray direction-finders (C.R.D.F.) 
from sources marked correspondingly in Fig. 8. Only two of these atmospherics 
were received at high frequencies. 

The gains of the receivers could be equalised either by applying a signal from 
a generator or by tuning to a signal at some frequency between those to be used. 
These methods gave mutually consistent results. 

The experiments were carried out in collaboration with the network of atmos- 
pherics cathode ray direction finders operated by the Meteorological Office (CLARKE 
and Mortimer, 1951). When storms were located in suitable situations the fre- 
quencies of the two receivers were adjusted, by reference to predictions of iono- 
spheric conditions, on either side of the expected cut-off frequency for the distance 
involved. 

The camera was then set in motion and the neon lamp triggered each time an 
atmospheric was selected by the C.R.D.F. operators. Fig. 2 illustrates the time 
delay, about 4 second, involved in “calling” the atmospheric and triggering the 
neon lamp. Each sequence of observations extended over a few minutes during 
the normal period of routine observations of the C.R.D.F. network. In this paper 
such a sequence will be called a “‘run.”’ 
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The reception of atmospherics at high frequencies 


All the observations were made at Teddington, Middlesex, during daylight 
hours, at which times the ionospheric conditions were reiatively stable. Con- 
siderable man-made interference was experienced and identification of corres- 
ponding atmospherics at low and high frequencies would have been much easier 
under good conditions. However it was often possible to recognise atmospherics 
through the interference even when this was severe. An example is presented in 
Fig. 3; this shows part of the record corresponding to Fig. 7 in which two sources 
(a), (b), are marked. A trace from (b) was received clearly at the lower frequency 
while nothing was received from (a). When the interference consisted of more 
isolated pulses, identification of the atmospherics was often difficult, but they 
were usually of longer duration than other noise impulses. Identification was 
most difficult when two or more atmospherics were received in rapid succession; it 
was necessary to ignore some observations which were ambiguous in this respect. 

The success of the technique depends on the energy radiated by the source 
being uniform over the band in which the observations were made. The results 
so far indicate that the spectrum is sufficiently uniform for the purpose. 


3. COMPARISON WITH IONOSPHERIC DATA 


Let us suppose that only one reflecting layer affects the propagation of the atmos- 
pherics at the frequencies of observation. The area around the receiving point 
may then be divided into four zones: 

(a) A ground-wave zone, from which energy is received by direct radiation 
from the source (radius about 100 km). 

(b) A ‘“‘skip zone,” from which no energy should be received at either frequency. 

(c) An ‘intermediate zone’ from which energy should be received only at 
the lower frequency. 

(d) An “‘outer zone” from which there should be reception at both frequencies, 
provided that the ionospheric absorption is not too great. 

In most of the experiments described, the F layer controlled the reception, but 
in some instances it was necessary to consider sporadic H-ionisation. 

The results are presented in the form of charts on which the sources of atmos- 
pherics are plotted in the positions indicated by the C.R.D.F. network. These 
positions are subject to some uncertainty, due to errors in direction finding, and 
the range errors at ranges greater than 1500 km may be serious. The plotted 
points are divided broadly into three categories according to whether energy was 
received on neither frequency, on the lower frequency only or on both frequencies. 
Again there is some uncertainty since the traces were being examined in the 
presence of man-made interference and other atmospherics. However in general 
an atmospheric is regarded as received on one frequency only when the amplitude 
appears to be at least ten times that on the other frequency. Frequently an 
atmospheric was received strongly on the lower frequency with a small trace on 
the upper frequency. This condition was probably due to scatter from the iono- 
sphere when the upper frequency was slightly above the critical value. On a few 
occasions a detectable atmospheric was received only at the higher frequency, 
but only one such case occurs in the plotted charts (Fig. 9). 
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4. RESULTS 
4.1. Sources within ground-wave range 


During local storms atmospherics were received by direct radiation from distances 
up to 100 km. They were characterised by large amplitudes and the build-up and 
decay of the atmospheric could usually be observed. Fig. 4 shows three examples 
of atmospherics from a distance of 70 km. In Fig. 4(a) the amplitudes are nearly 
equal, but in the other two examples, obtained one hour later, a greater signal 
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Fig. 5. Plots showing a storm centre in the intermediate zone, 10th October, 1950. 
(a). 1400 hrs; 10-42 and 12-41 Me/s. 
(b). 1500 hrs; 12-63 and 15-88 Mc/s. 


was received on the lower frequency. This may have been due to the propagation 
of energy by way of the ionosphere, since the frequencies were just below the 
vertical incidence critical frequency. 

Only a few atmospherics received by ground-wave propagation have been 
recorded; most of these were similar to that illustrated in Fig. 4(a). 


4.2. Sources within the skip zone 


On one run (1500 hrs on 17 July 1950) frequencies of 12-32 and 15-06 Mc/s were 
used, corresponding to skip distances of 1150 km and 1520 km estimated from 
Slough (England) vertical incidence data. There were widespread storms in the 
north of England and 32 fixes obtained by C.R.D.F. were well within the skip 
zone. Of these, only one coincided with a trace recorded at high frequencies and 
there was some doubt whether this was a true correlation. 

On a number of other occasions some sources have been plotted in the skip zone 
and in general have not been detected on either frequency. 
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Fig. 4. Atmospherics received over a ground path 
of 70 km. 
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4.3. Sources in or near the intermediate zone 
The most interesting results were obtained when storms were in the neighbourhood 
of the intermediate zone, and frequencies were usually chosen to achieve this 


condition. 
Fig. 5 shows plots of two runs taken at an interval of one hour; the arcs 


representing the skip distances are plotted from Slough ionospheric data with 
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Fig. 6. Plot showing a storm centre at the skip distance. 1700 hrs on 1 May 1950. Frequencies 
10-22 and 13-90 Me/s. 


small corrections for latitude variation. In Fig. 5(a) traces received from the 
North Sea were in all categories, which may be regarded as confirmation that the 
storm was in the region of the intermediate zone. It is not possible to say whether 
the mingling of the sources in different categories was due to errors in C.R.D.F. 
plotting or to random variations in the reflecting properties of the ionosphere— 
probably both factors were present. The more distant sources observed in this run 
will be discussed later. 

For the run one hour later (Fig. 5(b)) the frequencies were changed. Only 
four atmospherics received from the North Sea storm corresponded with C.R.D.F. 
fixes and these again supported the placing of the storm in the intermediate zone. 
Agreement was also obtained on two sources to the south; the source at a greater 
distance to the south does not agree, but the C.R.D.F. fix was poor. 

Another run is plotted in Fig. 6. This plot suggests that either the range was 
underestimated by C.R.D.F. or that the skip distances were less than those assumed. 
The sources marked (a), (b), (c) and (d) are discussed further in the next section. 

Results for sources at greater ranges illustrate how observations at high fre- 
quencies may supplement those obtained by C.R.D.F. techniques. At long ranges 
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direction finding errors lead to serious uncertainties in range. The plot of a set of 
four bearings may be regarded as defining limits of distance between which there 
was a certain probability that the source occurred; for the run plotted in Fig. 7 the 
lines indicate the limits for a 50% probability, estimated from a knowledge of the 














Fig. 7. Plot showing comparison between h.f. measurements and C.R.D.F. fixes at long range. 
1500 hrs on 18 December 1950. Frequencies 12-05 and 14-15 Mc/s. 
Note: The record for the period in which (a) and (b) occurred is shown in Fig. 3. 


variability of the direction finding errors. The lines altogether extend over a 
large range in distance and it is difficult to estimate the distance of the storm or 
to decide whether the storm was localised or extended over a wide area. 

The zone boundaries derived from ionospheric data from Freiburg (Germany) 
are plotted in Fig. 7. Of the more easterly group all except one atmospheric were 
received on the lower frequency only, indicating that they emanated from the inter- 
mediate zone. Of the atmospherics originating near Corsica two were received 
on the lower frequency only and one on neither frequency; that plotted near the 
south coast of France was received on the lower frequency only and was probably 
at a greater distance than was suggested by the C.R.D.F. plot. 

These results indicate how, with sufficiently accurate ionospheric data, obser- 
vations at high frequencies can reduce the uncertainties in the plotting of the 
direction finding bearings. In practice observations would be made at a number 
of frequencies to define the cut-off frequency, and therefore the range, more 
precisely. 


4.4. Sources in the outer zone 


In the outer zone atmospherics should be received at both frequencies except insofar 
as they are absorbed in the ionosphere. It is to be expected that the higher 
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frequency would tend to show the larger amplitudes, on the average, and this 
was generally, though not always, true. 

When the sources were just outside the intermediate zone the amplitudes 
on the two frequencies were usually approximately equal. Examples may be 
quoted from the runs plotted in Figs. 5(a) and 6. In Fig. 5(a) the ratio of the 
amplitudes on the upper and lower frequencies were 0-37, 0:80, 0-85, 0-88 and 
0-91 for the five flashes over the North Sea received on both frequencies. In Fig. 6 
traces from (a), (b), (c) and (d) had ratios of 1-28, 0-56, 1-00 and 0-73 respectively. 

An interesting set of results was obtained at 1400 on 18 October 1950. At 
frequencies of 12:05 and 14-15 Mc/s eighteen atmospherics recorded on both 
frequencies corresponded to C.R.D.F. fixes and were plotted in the outer zone 
which had an inner limit of 1000 km. They fell into three groups and the amplitude 
ratios (upper/lower frequencies) are listed in Table 1. 

It will be seen that the amplitude ratios were quite different for the three 
storm centres although they were at similar ranges. These differences were 
probably due to the variations in the reflecting properties of the ionosphere which 
give rise to fading of signals. 

Table 1 





Position of storm Amplitude ratio 


No. of 








Distance 
(km) 


Bearing 
(deg.) 


atmospherics 


Range of values 


Average 





1700 
1850 
1540 





217 
143 
164 








1-5— 6-4 
6-1-10-2 
9-2-15-0 





3-0 
da 
11-6 





The maximum range at which identification of corresponding atmospherics 
by C.R.D.F. and at high frequencies can be achieved would be expected to depend 
on the severity of man-made. interference, on the intensity and frequency of 
atmospherics, and on the relation between the operating and cut-off frequencies. 
Conditions have varied considerably and it is not yet possible to quote a reliable 
estimate of maximum range. Four runs between 1100 and 1500 hours on different 
days showed a total of seven storm centres located by C.R.D.F. at ranges between 
1600 and 2600 km. Three storm centres were in Eastern Europe, two in Spain (one 
plotted in Fig. 5) and two in the Atlantic. Of 44 atmospherics recorded by C.R.D.F. 
from these storms, only ten showed a possible trace at high frequencies, and only 
one could be regarded as satisfactorily identified. On the other hand the run on 
18 October 1950 quoted earlier in this section showed 18 good identifications, 
with storm centres between 1500 and 1800 km, and there were possible traces 
at h.f. from a storm centre at 3000 km (over the Atlantic). The interference on 
this run appeared to be no less than at other times and similar frequencies were 
used. 





* An additional atmospheric with a ratio of 6-0 was probably in this group but the identification was 
not definite. 
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The evidence regarding the limiting range for identification of flashes must 
therefore be regarded as inconclusive; identification may sometimes be good at 
2000 km but is at other times poor at much shorter ranges. The use of directional 
aerials at high frequencies, selected to provide good reception from specific storm 
centres, would no doubt greatly improve identification. 
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Fig. 8. The influence of sporadic-E ionisation. 1500 hrs on 14 December 1950. Frequencies 
16-58 and 19-82 Me/s. 
Note: The record for the period in which flashes (a), (b), (c) and (d) occurred is shown in Fig. 2. 


4.5. The influence of sporadic-E ionisation 


In all the results discussed so far, propagation by way of the F-layer was pre- 
dominant, but on a few occasions sporadic-EZ ionisation has had some influence. 
An example is plotted in Fig. 8 in which a well-defined storm centre located by 
C.R.D.F. was plotted well inside the F-layer skip distance. Sporadic-# ionisation 
was reported at Poitiers (France) and Domont (France) however, and reception 
on the lower frequency only could be explained by taking this into account. 
According to Freiburg ionospheric data reception from the more easterly storm 
centre was controlled by the F-layer. 

Another record plotted in Fig. 9 shows the possible influence of sporadic-E 
ionisation. The nearer group of points showed a curious mixture of flashes received 
on neither frequency and others received on both. According to De Bilt (Holland) 
ionospheric data energy should not have been received on the upper frequency 
by reflection at the F-layer, but due to sporadic-# ionisation both frequencies 
should have been received. The absence of received energy from some sources 
was probably due to the well-known non-uniformity of the sporadic-F ionisation. 
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4.6. Anomalous results 


Most of the results showed general agreement with the ionospheric data, but a few 
records could be explained only by assuming abnormally large errors either in the 
C.R.D.F. bearings or in the interpretation of the ionospheric data. In one such 
run (1500 in 8 December 1950) the skip distances were 1330 km and 1890 km and 
two flashes received only on the lower frequency were plotted at ranges of 700 km 
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Fig. 9. Plot showing possible effects of sporadic-E ionisation. 1100hrs on 23 June 1950. 
Frequencies 10-03 and 12-19 Me/s. 


and 900km. In the absence of other evidence the two fixes would have been 
considered to be in error by not more than 100 km. On the same run but a different 
bearing two atmospherics received only on the lower frequency were plotted in 
the intermediate zone and therefore agreed with the ionospheric data. 

On some occasions atmospherics just outside the skip zones have been received 
strongly on the higher frequency and much less strongly on the lower frequency. 
As the difference in absorption should be small these results are considered to be 
anomalous. 

It would be unwise to attach too great importance to these results. They are 
considered to be anomalous at this stage because the identifications appeared to 
be good and the disagreement between the fix and the propagation data much 
greater than could be attributed to errors of usual magnitude. However identifi- 
cation of traces can never be absolutely certain, and large errors in C.R.D.F. 
fixes do sometimes occur, so the occasional apparent anomalies may be no more 
than an indication of the present state of the technique. 
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5. DIscUSSION OF THE TECHNIQUE AS AN AID TO THUNDERSTORM 
LOCATION 


The results of this preliminary investigation have shown that while there are 
practical difficulties in interpreting simultaneous high frequency observations 
and low frequency directional measurements, the reception of atmospherics is in 
general agreement with theoretical deductions based on the known ionospheric 
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Fig. 10. Errors in distance estimate due to errors in estimating the oblique incidence critical 
frequency. 


conditions. Let us now suppose that the practical difficulties have been over- 
come and that simultaneous recordings of atmospherics are available at a sufficient 
number of frequencies for the cut-off frequency to be determined accurately. 
At times near to sunrise and sunset this frequency may not define the skip distance 
accurately for an east-west path because of the rapidly changing ionospheric 
conditions. It will be assumed that at other times of the day and night the iono- 
spheric conditions are nearly uniform between the storm and the observing point. 
The accuracy of the derivation of the distance of the source then depends on the 
accuracy to which the ionospheric conditions at the mid-point of the path can 
be estimated. Errors arise because the conditions must be derived by inter- 
polation between ionospheric observatories, because oblique incidence conditions 
are derived from vertical incidence measurements, and because there are always 
some variations in ionospheric conditions as a function of time. 

The effect of errors in estimating the oblique incidence critical frequency is 
shown in Fig. 10. For this illustration it has been assumed that storms exist at 
ranges of 200, 500 and 1000 km from the observing point and that the oblique 
incidence critical frequency has been measured for each. The errors in distance 
estimation resulting from errors in the calculated critical frequencies are plotted 
in the figure, values for the height and thickness of the reflecting layer being 
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assumed correct. At the shortest range (200 km) a small overestimation of the 
calculated critical frequency leads to very large errors, but at distances of 500 km 
upwards an error of + 5 per cent in critical frequency leads to an error of only 
about + 80 km in distance. The percentage accuracy therefore improves with 
increase in distance. On the other hand the errors involved in interpolating 
ionospheric data between stations tend to increase with distance, but on balance 
the technique is more applicable to the longer ranges and is therefore comple- 
mentary to direction finding techniques with relatively short baselines. 

In the experiments described the results of ionospheric soundings made at 
the time of the run were used. For many research purposes in which the positions 
of the storms need not be known until some time after the observations, the use of 
soundings is permissible. For routine location of thunderstorms, however, where 
the results are required quickly (for weather forecasting for example) it would be 
necessary to use predicted ionospheric data, based perhaps on vertical incidence 
soundings taken an hour or two earlier. Examination of typical hourly records 
of vertical incidence critical frequency at Slough shows that hour-to-hour changes 
are usually within 10%, and by observing trends the values might be predicted 
to a much better accuracy. If the overall accuracy of the estimated oblique 
incidence critical frequency can be reduced to a few per cent, the accuracy of 
distance estimation becomes comparable with or better than that obtained by 
C.R.D.F. at ranges of about 1000 km. Considering only the limitations set by the 
accuracy of ionospheric data, therefore, it appears that the technique merits 
further investigation. 

The use of back-scatter measurements (VILLARD and PETERSON, 1952) for 
obtaining information about the ionosphere should also be considered. This 
technique involves the use of a pulse transmitter radiating energy in a narrow 
beam whose direction can, preferably, be varied continuously over a wide azimuth 
range. The pulses are returned to the observing point by reflection of sky-waves 
at the ground at distances greater than the skip distance. Observations of the 
minimum time delay of the echoes indicates the skip distance for the particular 
frequency used. This type of measurement therefore yields ionospheric informa- 
tion directly in the form required for the atmospherics application. 

Turning now to the practical difficulties of obtaining a measurement of oblique 
incidence critical frequency, the photographic technique is no doubt the best 
method for comparing the reception on different frequencies. The analysis of 
film records is slow, however, and more rapid methods should be considered. 
Direction finding observations are made at present by reading the bearings of 
traces on a cathode ray tube with a persistent screen and it may be possible to 
display the flashes received at high frequencies in a similar way and to compare 
their amplitudes visually. The method, however, would be dependent on more 
satisfactory identification of the atmospherics and on the reduction of interference. 


6. CONCLUSIONS 


The preliminary investigation into the possibilities of a high-frequency ranging 
technique has produced encouraging results and it is considered that a further 
and more elaborate investigation would be justified. It appears that the technique 
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would not always be satisfactory at times near sunrise and sunset but that useful 
accuracy of distance measurement can be achieved at other times of the day. 
Further investigation would involve measurements on a site free from man-made 
interference, the use of directional aerials to simplify identification, and the use of 
ionospheric data derived from back-scatter experiments. To eliminate the time 
delay inherent in the method of identification used so far, the C.R.D.F. bearings 
could be recorded on film, with an identification signal superimposed on both the 
low frequency and high frequency records. The possibilities of a display involving 
visual observation of the cathode ray tubes should also be explored. 

A more complete investigation of short-term variations in ionospheric con- 
ditions is also required, including an estimate of the accuracy to which conditions 
can be predicted an hour or two in advance. 
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ABSTRACT 


A new method for locating the ionospheric current system associated with solar flares is presented. 
The method depends on the time of maximum intensity of a geomagnetic flare effect and the enhancement 
of electron density at the relevant level. 

It is found that the flare current system is located either at 100-130 km (if one assumes that the 
flare effect is essentially one of enhancement of the Sq-current) or at 60 km (if it is an independent 
system). 


INTRODUCTION 


It is well known that during strong solar flares there are sometimes sudden changes 
in the three components H, D and V of the terrestrial magnetic field. These are 
known as geomagnetic flare effects and sometimes as “‘crochets.”’ McNisu (1937a 
and 1937b) has made a survey of the geomagnetic effects, recorded over a whole 
hemisphere, produced by three major flares which occurred in 1936 and concluded 
that the geomagnetic effect is an augmentation of the S-field of the sunlit hemi- 
sphere. Such augmentation presumably occurs because of an enhancement of 
ionization at certain levels, resulting in increased strength of the current system. 
On this hypothesis the geomagnetic flare effects and the various sudden iono- 
spheric disturbances (S8.I.D.’s) are related with each other. Subsequent investi- 
gations by a number of authors such as IMAmITI (1938 and 1943), NaGaTa (1950, 
1952), NEwTon (1948) and McInrosuH (1951) have generally confirmed the above 
view-point. Further, it is believed (McNisu, 1937a and 1937b; Imamitt, 1938 and 
1943; NaaGata, 1950 and 1952; Newton, 1948) that the excess current is in the 
same direction as the normal diurnal variation current. 

Whether this excess current is an independent system or is an enhancement of 
the normal Sq-current system is not definitely known. However, the consensus 
is that the excess current is a different current system located presumably in the 
D-layer the ionization of which is known to increase during an 8.1.D.¢ (CHAPMAN 
and BarTELs, 1940), whereas the normal Sq-current is located in the E-layer 
around 100 km level (MAPLE, BowEN, and S1nGer, 1952; BakER and Martyy., 1952). 

In the present note a new method is presented for locating the flare current 
system. The method depends on the difference between the maximum intensity 
of a geomagnetic flare effect and of that of the flare causing it. 


* The research reported in this note has been sponsored by the Geophysical Research Division of the 
Air Force Cambridge Research Center, Air Research and Development Command under Contract 
AF19(122)-44. 

** On leave from the Council of Scientific and Industrial Research, Government of India and the 
Institute of Radiophysics and Electronics, University of Calcutta. 
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2. METHOD 


There is a ‘“‘relaxation”’ time, 7, associated with the production and disappearance 
mechanisms of ionization for any level in the ionosphere. This time is defined here 
as the time delay between the maximum of the crochet and the corresponding 
flare. This time lag is primarily a recombination effect and is given approximately 


by Mitra and JONEs (1953) 
1 


h) = —___ 1 

7) = SNA) a) 
where x and N represent the recombination coefficient and electron density at 
the height 4. Using the subscripts » and f for conditions during normal and flare 
times, respectively. and the notation ) for the height of the current system, we 


obtain 
T,(h) N (h) 
btn eae (2) 
T/(h) N n(h) 
Since V,(h) > V,,(h), then 7,(h) < 7,(h); that is, during a flare there is a decrease 
in the value of the delay time associated with that level, the magnitude of the 
decrease depending on the enhancement of ionization following a flare. Hence, 
Nh) 


N,(h) 


system producing the magnetic effects. 
The value of 7, associated with any height may be determined from the diurnal 


yariations of such ionospheric data as ionization, height, and polarization. BRACE- 
WELL and Barn (1952) have reported an asymmetry of ‘‘D,’’ phase heights cor- 
responding to 25 + 5 minutes. The probable height involved is about 70 km. 
BENNER (1951) has studied the noontime delay in the absorption maximum for 
150 Ke/s and has given a value of about 60 minutes for the most probable delay 
time. The corresponding height is about 80 km. Analysis of the polarization tilt 
angle as given by NEARHOOF (1951) or KELSo et al. (1951) for 150 Ke/s gives a delay 
time of about 80 minutes. This value also refers to a height of about 80 km. 
JONES (1952) has given monthly average diurnal variations of the phase height of 
the main #-region reflection on 150 Ke/s. The noontime delay was found to be 
some 30 minutes, the corresponding height being about 90 km. Finally, the delay 
time. for a height of about 110 km, may be obtained from the routine critical 
frequency data for the H-region. Mirra and JoneEs (1953) have analyzed the 
fo data for a number of stations as reported in the CRPL-F Bulletins.* The 
average value obtained by them is about 4 minutes. 

The above values (listed in Table 1) permit one to draw an approximate distri- 
bution of 7, with height. Such a distribution is shown in Fig. 1. It may be men- 
tioned here that two other values of 7, are available for ionospheric heights. One 
is due to Pregott (2000 seconds) and has been obtained from absorption measure- 
ments made at Slough for medium short waves. The other (~ 20 min.) has been 


given 7,(h). 7,(h) and , it is possible to estimate hf, the height of the current 


* Central Radio Propagation Laboratory, National Bureau of Standards, Bulletins CRPL-F 54 


through F 90. 
t W. R. Piccor, private communication. 
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obtained by Mirra and SwHatn (1953) from absorption measurements of cosmic 
noise at 18-3 Mc/s. It is possible, however, that in both these cases, appreciable 
contamination by E-absorption exists—a fact which makes assignment of proper 
heights to these values difficult. These results have therefore been excluded 
from Fig. 1. 

The experimental 7,-/ curve in Fig. 1 covers only the height range from 70 km 
to 110km. It is possible, however, to extend the curve on both sides by making 
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Fig. 1. Height variation of 7,. Full line portion obtained from experimental data and dotted line 
from theoretical considerations. 


some reasonable assumptions regarding the electron distribution in the regions 
involved. In D-region 7, was calculated from the recombination coefficient model 
given by Mirra and Jonss (1953) and the D-region electron density model of 


Table 1. Relaxation time as a function of height 





T. Height 


Authors Method euin) Gum) 





BRACEWELL and Bain **D,,’ phase heights | 25 + 5 





BENNER 150 ke absorption 60 





Calculated from NEarHoor | 150 kc polarization 80 





Calculated from JONES 150 ke phase heights 
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NERTNEY (1953) (Fig. 2). On the H-region side the calculation was made for a . 
CHAPMAN model with 7 = 0° and y = 45°. These extensions are shown in dotted 
lines in Fig. 1. 

As regards 7,(h), this quantity may be estimated from the difference in the 
times of maxima of the geomagnetic flare effect and the corresponding flare. In 
general, the difference is measureable. ELLISON (1950) has recorded the times 
of beginning, maximum, and end of six large geomagnetic flare effects, of which 
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Fig. 2. Height variation of recombination coefficient («) and electron density (N). 


five were produced by flares of classes 3 and 3+ and one by a flare of class 2. On 
the average the maximum of the geomagnetic effect occurred 2-5 minutes after 
the occurrence of the peak line-width of the flare. The standard error is approxi- 
mately 1:5 minutes. A further corroboration of this value is obtained from the 
list of geomagnetic solar flares given by McINTosH (1951) for Lerwick and Eskdale- 
muir over the period 1936-49. An average delay time, obtained from his list for 
cases where the time of maximum flare intensity was known, has the value of 
about 3 minutes; while Fig. 3 of his paper, in which the times of growth and decay 
of the flares and various flare effects, including the geomagnetic effects, have been 
given, shows a delay time of about 2-5 minutes. All the evidence is, therefore, 
for a time delay, at the time of the flare, of about 2-5 minutes for the level at 
which the current producing the geomagnetic effect flows.* 

Consider first the case in which the flare current is at the same level as normal 


N,(h) 
N,,(h) 
+ Because of possible induction effect in the ionosphere, the observed delay time has to be considered 
as an upper limit for delay caused by recombination. 


Sq-current. A reliable estimate of may be formed from the magnitude of 
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the terrestrial magnetic variations occurring at that time. McNisH (1937a) has 
presented, in a number of diagrams, the direction and amplification of the overhead 
current system of flaretime effects over a number of stations in the northern 
hemisphere for three major flares in 1936. In these cases the electric currents in 
the ionosphere appear to be doubled suggesting, therefore, a value of about 2 for 


Nh) 
N,,(h) 
values. For intense flares the amplification may be larger, but a value of 3 seems 
a safe upper limit on the basis of the available data. 
We are now in 2 positition to locate the current system. In Fig. 1 lines for 
x ay 7,(h) = 4-0, 5-0, 7-5 (corresponding to 7,(h) = 2-5 minutes and nw = 1-6, 


2-0, 3-0) have been drawn. The intersections of these lines with the curve of r,, 
will identify the height of the system. It may be seen that the intersection occurs 
in the neighbourhood of 100-120km. Even for the upper limit of N,/N,, = 3, 
which is not likely to be usually reached, and for the lower curve, the range of 
intersection is within 100—130 km. 

In order that there be a second region of intersection in the D-layer, the 
values of 7, there would have to be much lower than calculations indicate. For 
this to happen, the electron density in the relevant portions of the D-region would 
have to be more than three times as great as in the model chosen. However, even 
if this should occur, the lower current system is very unlikely to produce sufficient 
geomagnetic effects, in view of the low conductivity of the region as indicated by 
Bates and Massey (1951). One may therefore conclude (on the hypothesis that 
the flare effect current is an enhancement of the normal Sq-current) that the 
current system causing the geomagnetic flare effects (as well as the Sq-current 
system normally present) is localized in the region 100-120 km. 

It is interesting to compare this result with those obtained by other methods. 
From rocket measurements at the magnetic equator, MAPLE, Bowen and SINGER 
(1952) have obtained direct evidence of a current system of considerable strength 
near the 100 km level but none of appreciable magnitude below. In a more 
recent work BAKER and MARTYN (1952) have attempted to explain the observed 
ionospheric conductivity by taking account of vertical currents prohibited by 
polarization, and have shown that the current will be located at 100 + 10 km for 
regions near the geomagnetic equator and between 120-150 km in higher latitudes 
(depending on the ionization distribution and tidal velocities at these levels). 
The agreement of these results with ours is considered significant. 


the ratio A survey of the list presented by McIntosu also gives similar 


3. CASE OF AN INDEPENDENT FLARE EFFECT CURRENT 


If the current system responsible for the flare effect is an independent system, 
then the arguments presented above will no longer hold. McIntosu (1951) has 
recently presented some evidence in favour of such a hypothesis. In asurvey of the 
geomagnetic flare effects at Lerwick and Eskdalemuir over the period 1936-49, 
McInrosu found that, although the H and D components point strongly to the 
conclusion that the geomagnetic flare and Sq-effects are produced by the same 
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direction of ionospheric current, the V’-components of the effects and of the 
normal variations were considerably different and indicated a substantial difference 
between the space distribution of the currents in the two cases. If we accept this 
evidence, then the observed amplification of the Sq-current system will no longer re- 
present the enhancement of electron density atone particular level. but will be an 
effect contributed by two separate regions located at two different heights. Under 
N (h) 


Nh) 


current system from the observed geomagnetic changes. Equation (2), 
however, still holds and. provided the right hand side can be determined, 


these conditions it would be difficult to estimate at the level of the extra 


may still be used. 

Now, there are other ways of estimating the enhancement of electron density. 
One of these is the measurement of ionospheric absorption. APPLETON and 
Piccot* have made some measurements regarding the excess attenuation at the 
time of flares for medium short waves. They have observed a total increase of 
ten times the normal value in their absorption data for S.I.D.’s lasting between 
one-half and one hour. SHAIN and Mitra (unpublished) have made a number of 
observations on the increase in absorption, during flares, of cosmic noise at 18-3 
Me/s. For 8.1.D.’s lasting about one hour the excess attenuation in their obser- 
vation was some four times the normal value. Since most of this excess absorption 
may probably be attributed to D-layer, it- appears that an enhancement of 
ionization by a factor of about five times or more may occur for intense flares 
producing the geomagnetic effects. 

An enhancement of this magnitude is capable of approximating the observed 
delay time (~ 2-5 minutes) at the height range 60-70 km. That low values of 
7, are, in fact. encountered at heights around 60 km may be observed in Table 2. 
This table has been prepared from the curves given by ELLison (and also from 
his list) for various sudden phase anomalies and sudden enhancement of atmos- 
pherics accompanying several major flares. 


Table 2. Average time delay (observed) from various S.I.D. phenomena for some major 
flares in 1949 (ELLISON) 





Class 3 and 3* Class 1 and 2 





Appr. height Appr. height 





S.P.A. 
S.E.A. 54 km 


G.B.R. (Edt) 

















* Private conununication. 
+ These results are obtained from records of long range fading due to ground wave-sky wave inter- 
ference. The transmitter is G.B.R. at Rugby (16 ke) and the receiver is at Edinburgh, 420 km away. 
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‘Although the values given in Table 2 are somewhat larger than the required 
2-5 minutes. little significance should be attached to this small discrepancy which 
is not much larger than the possible errors of measurement. 

Thus it appears that an extra current system located at about 60 km may have 
the correct delay time for flare effects. Whether such a current system can have 
adequate conductivity to give rise to the large geomagnetic effects is another 
question, and calculations have to be made,. perhaps along the lines of BAKER and 
MartTyN, before any conclusions may be attempted. 

In view of the above, the following conclusions may be made: (i) If one 
assumes that the flare effect is essentially one of an enhancement of the Sq-current 
system. then the location of this system, according to the present results, will be 
between 100-130 km. (ii) In the event that the flare current is an independent 
system. the location of this current will be around 60 km, while the Sq-current 


will be at about 100-130 km. 
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ABSTRACT 

The exact formulation of BAILEy’s theory for a non-uniform ionised gas is described and the boundary 
conditions are explained. A direct calculation is made of the rate of exchange of energy between the 
motion of the electrons and the wave. The intensity of the radiation arising from a transient disturbance 
is calculated and it is found that the intensity can become very large when the wave gains energy from 
the electrons. The general nature of the electron flow and the order of magnitude of the electron velocity 
needed for amplification to occur are discussed. 


1. INTRODUCTION 


After developing the theory of radio waves in an ionised gas including the effect 
of static electric and magnetic fields Professor V. A. BAaILEy (1948) proposed a 
theory which accounted for the intense radio noise emitted by sunspots as due to 
amplification by the medium (BatLEy, 1950). This theory has been criticised 
by Twiss (1950) who states that BaILey’s growing waves must be regarded as 
reflected waves. Twiss bases this statement on a study of the transient response 
of a uniform medium, but it may be investigated more directly by considering the 
effect of the boundary condition, namely that 


far from the source the waves must 
be pure outgoing waves. (A) 


The actual medium is of course non-uniform and BaILEy (1950) has considered a 
model in which the medium is represented as a series of uniform slabs, and has 
given the continuity conditions for the discontinuous boundaries between the 
slabs. For the model with just one discontinuity, it is found that when there is 
only an outgoing wave on the side away from the sunspot, no amplification is 
possible. For the model with two discontinuities amplification is possible, but only 
under special conditions, for instance the distance between the discontinuities 
must be within a very small range of values. The disagreement between the 
results obtained for these two models however shows that Twiss’s arguments 
from the first model are not conclusive, and it was therefore decided to work out 
the theory of a continuously varying medium, which is the subject of this paper. 
Ideally one needs to work with a non-steady motion, varying in time as well as 
space, but this involves great mathematical difficulties even in very special cases. 
In this paper a rather general discussion of the case of steady motion is given. and 
this gives an indication of what may be expected to happen in the case of non-steady 
motion. 


* Now at Dept. of Electrical Engineering, Pennsylvania State College. 
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For models satisfying the special condition of zero vorticity BuNEMAN (1951) 
has shown that spontaneous waves cannot be radiated. The present work is more 
general, however, so that this condition does not in general hold, and the con- 
clusions obtained in fact show that BUNEMAN’s result cannot be extended to the 
general case. 

Before describing the model to be used, its relation to the phenomena of solar 
noise should be explained. The explanation of the radiation from the quiet sun 
as thermal noise is generally accepted, but the various types of storm, or “enhanced 
radiation,” have received no generally accepted explanation. The suggestion that 
enhanced radiation is of thermal origin, or that it is emitted by cosmic rays which 
are generated by solar flares, is unlikely to acccunt for all the noise storms, and it 
will be supposed in this paper that the temperature of the gas is much too low to 
account for the strength of the radiation. Another possibility has been studied 
by JAEGER and WESTFOLD (1949), who have shown that the spectrum and develop- 
ment in time of isolated bursts can be accounted for if they are caused by sudden 
disturbances at suitable heights in the solar atmosphere, but no estimate of the 
magnitude of such disturbances to be expected in the corona has been given. The 
present work will not remove this difficulty, but will show how the radiation may 
be amplified by absorbing energy from the motion of the electrons in the solar 
atmosphere as suggested by BaILEy, so that the strength of the initial disturbance 
required to explain the observed intensity may be much smaller than it would be 
otherwise. The general nature and magnitude of the electron motion required for 
amplification is deduced; whether it actually occurs is not known, but it is not 
impossible, at any rate in a non-steady state. 

Recently Twiss (1952) has given a qualitative account of a similar process 
using the terminology of radio circuits. In the present paper the fundamental 
equations of the electro-magneto-ionic theory are used in conjunction with the 
boundary condition (A) to determine what the wave looks like in the solar atmos- 
phere, using a fairly general model. The method used is a natural development of 
BaILey’s, and the suggestion that a radio wave may absorb energy from the 
electron motion is also his, but the amplification considered in this paper occurs 
in regions where the refractive index is real. Amplification can also occur in over- 
dense regions, but this is not further discussed here as it requires a considerable 
extension of the present investigation. 

The model for the solar atmosphere is restricted from the outset as follows. 
The electron density N and velocity U and the magnetic field H are independent 
of time. With the z-axis pointing out of the sun, N varies with z only, and H is 
uniform and parallel to the z-axis. The simplification resulting from this restriction 
of H is thought to outweigh the loss of generality because it is found that amplifica- 
tion can occur without any magnetic field. With U unrestricted an expression is 
obtained for the energy exchange between the electron motion and the wave. The 
effect on the component of a given frequency arising from a sudden disturbance is 
then considered, and it is seen that this component will be strongly amplified if a 
certain resonance condition is fulfilled. The possibility of achieving this condition 
is then discussed in greater detail using a more restricted model in which U is 
axially symmetric about the z-axis. 
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2. THE FUNDAMENTAL EQUATIONS 
The fundamental equations are obtained in the same way as BaILEy’s, but the 
spatial variation of the wave-components cannot now be expressed by means of a 
constant wave-number. The wave is described by components e and fA of the 
electric and magnetic fields and » and u of the electron density and velocity. all 
of which are taken to vary with time as e’’’; the wave field is the real part of these 
components so that. for example, if N is the total electron density 


N == N + J(n + n*) 

ON 

ot 

The effect of the positive ions is much smaller than that of the electrons because 

of their greater mass, and is neglected. Then from MAXWELL’s equations we obtain 
by picking out the terms proportional to e'” 


= hiw(n — n*) 


iwh = —ccurle (1) 
ce curl h — iwe = 4nq(Nu + nU) (2) 


where ¢ is the electronic charge. 

The term nu omitted from (2), which is proportional to e? and would there- 
fore set up harmonics, is regarded as negligible, and similar non-linear terms are 
neglected in the other fundamental equations which are the continuity equation 


ton = — div (Nu) — div (nU) 


and the equation of transfer of momentum 


(io + va +(U- Tyo + (u- VU =Le + UAh[e) —u AQ (4) 


m 


where Q = —qH/mc and the term vu represents the effect of collisions; the 
“collision frequency’ » depends on the temperature and density and will be taken 
to depend on z only. 

The general equations have no simple exact solutions, but the radiation from 
the sun is of course transverse and often circularly polarised, so that solutions which 
approximate to circularly polarised waves travelling in the z-direction are of 
interest. With no electron drift velocity these would be exact solutions and it is 
convenient to introduce the notation 

+ tke,)//2 | 
, + thh,)/4/2 
+ ikw,)/4/2 | 


where / = —Q,/Q 
and 2 =|Q|. 
temembering that q is negative, it is found that the components with subscripts 


+ and — refer to ordinary and extraordinary circularly polarised waves 
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respectively.* Then. when U = 0. (4) reduces to 
(i(w + Q) 4+ v)uy —¢ (6) 


Most of the work in this paper refers to ordinary circularly polarised waves. 
Also. it will be shown in section 6 that » is small compared with o. so that in a 
first approximation (6) yields 

iq 
U4. a] —— ann. ERE ee e L 
mw + Q) 


3. THe EXCHANGE OF ENERGY BETWEEN THE ELECTRON Drirr Movrion 
AND THE WAVE 


BAILEY (1950) discussed the exchange of energy between the electron drift motion 
and the wave by means of the Maxwellian pressure. The discussion in this section 
is similar but more general, and it is now useful to introduce the mean Poynting 
vector P belonging to the wave.t Since it is proportional to the vector product 
of the electric and magnetic fields, the time average is obtained from those products 
which are independent of time, thus 


c 


ad cha al oa h) (8) 


(1) and (2) and their complex conjugates then yield 


div P= — “(V(u -e* + u*-e) + U- (ne* + n*e)| 


which shows that div P is equal to the mean rate of work done by the electrons 
against the electric field; this is the fundamental property of the Poynting vector. 

On taking the scalar product of (4) with u* and adding the complex conjugate 
we obtain 


Qu -u* + (U-V)(a-u*) + u*-(a-V)U + a: (u*- 
q (u*-e+u-e* + U-(h<A u* 


~~ m 
If U = 0, (9) and (10) give 
div P = —}ymNu - u* 


which confirms the well-known fact that the only energy exchange between the 
wave and the electron gas is that due to collisions. 

If U + 0, there is an additional contribution to div P which is of first order in 
U. To obtain the rate of exchange of energy between the wave and the electron gas, 


* This agrees with BAILEyY’s (1950) definition of E, and E, waves which are extraordinary and ordinary 
respectively. 
{ The plain symbol P is used for the mean Poynting vector. 
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however. we must now include the flow of wave kinetic energy (of the electrons); 
the mean rate of this flow is F defined by 


== = {Vi(a-u*)U + (U- u)u* + (U- u*)u] 


+ n{(U-u*)U + 1U°u*] + n*[(U- u)U + 4U*a]} (11) 


terms of fourth power in the wave amplitude being neglected. The rate at which 
energy is transferred from the electron gas to the wave per unit volume is then 
div (P + F), and this can be obtained from (9), (10) and (1). The terms contain- 
ing in (11) partially cancel the terms containing U on the left-hand side of 
(10), but the complete expression for div (P + F) is long and will not be written 
out here: an approximate expression for a special case is given by (12). The 
important conclusions are that the part involving U does not vanish identically 
and that it can be positive, if the electron drift motion has a suitable nature; 
this proves that it is possible in principle for the wave to gain energy from the 
electron drift motion. Unfortunately it is not easy to picture the physical 
mechanism by which this exchange occurs. but it is hoped that the following 
discussion may shed some light on this question. 

The exchange of energy is due to work done on or by the electrons, and this 
depends on the component of u which is in phase (or antiphase) with e; this can 
be obtained from equation (4). which shows that, if vy, U and Q all vanish uw is in 
quadrature with e. There are two separate effects caused by the drift velocity. 
and they are represented by the terms containing U on the left- and right-hand 
sides of (4). The latter is the easier to picture: the drift motion in the oscillating 
magnetic field A of the wave causes oscillations of the electrons which can be in 
phase withe. The former effect is due to the terms (U- Y)u + (u- \7)U which 
may be pictured as an inertial force due to the combination of the drift and wave 
motions and which can also cause oscillations of the electrons in phase with e. 
We now use equations (10) and (11) to discuss a special case in which these 
mechanisms occur. 

If U is sufficiently small the wave may approximate to a circularly polarised 
wave travelling in the z-direction. Suppose that in a certain region we may put 
e x0. 6, yO, n yO. Oe./Ox ~O and de,/dy vO. wu wy. uw, ~O and the 
approximation (7) may be used in terms containing U. The contribution from 
div F to the rate of exchange of energy then cancels the terms containing U on 
the left-hand side of (10). using (uw - \7 )u* ~ 0 and div (VU) = 0. Also using 
(1) and (7) 

MC WwW + 


hAua*+ h* Au z= —- 
q @ 


Then, since 0(u,u,*)/dx ~ 0 and d(u,u,*)/dy 0 


(u,u,*) — 2Ny(u 0. *) 
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In this case the wave gains energy from the electron drift motion in any region 


where U, 2 (u,u,*) is positive. Later in the more detailed work on a more 
restricted model, a better approximation will be obtained and the approximations 
justified, but the working is much more complicated, and it will be found that the 
important effect is described by (12). In the next section, in which the radiation 
from a sudden disturbance is discussed, an effect such as that described by (12) 
is shown to be capable of causing strong amplification. The following expression 
for the Poynting vector of an ordinary circularly polarised wave will be needed. 
Equations (5) and (8) yield 
ike 
P= PF, =, P, = — (e,h,* — e,*h,) (13) 
167 


4. RADIATION FROM A TRANSIENT DISTURBANCE 


The Laplace transform has been used by JAEGER and WESTFOLD in a study of 
transients with applications to solar noise, and will now be adapted to discuss the 
problem of amplification. The Laplace transform &(p) of any variable é(t) is 
defined by 


@ 


E(p) = | e'E dt (14) 
0 


Here the Fourier transform is required; it is equal to &(iw) provided | E dt is 
0 

absolutely convergent CaRSLAW and JAEGER (1949). We assume that this condi- 

tion is satisfied when & is a component of the radiation field and define n(iw) by 


co 


N(iw) =| e *** (N — N) de. (15) 
0 


é, h and w are similarly defined, the argument always being iw in the remainder 
of this work; N, E, H and U are the total electron density, electric field, 
magnetic field and electron velocity as in section 2. The equations for the Fourier 
transform are obtained from the fundamental field equations by multiplying by 
e™ and integrating with respect to ¢ from 0 to oo; the integrals containing time 
derivatives are then transformed by partial integration; the resulting expression 


of the form | e~'“€ ” reduces to —&0 where £9 is the value of é att = 0. Thus 
0 


from 
7] 
3y (H — H) = —c curl (E — B) (16) 


we obtain 


ioh — (H — H) = —ccurle 
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In the other equations non-linear terms occur and will be approximated as in 
NU — NU x (N — N)U + N(U — U) 


the neglected term (N — NV) (U — U) being similar to the term nu neglected in 
(2). The equations corresponding to (2) and (4) are then 


c curl h — iwe + (E — E)'! = 4nq(nU + Na) (18) 
and 


(io + va — (U— VU) + (U- Va + (a- V)U 
=2@ +H He + able) (19) 


Thus @, A, 7 and @ satisfy equations (1) . . . (4) modified only by the addition of 
the terms representing the initial disturbance, that is the initial departure of E, 
H, N and U from the steady values E, H, N and U. This investigation will now 
be restricted to a disturbance in E only, so that only equation (18) contains a 
term representing the initial disturbance. Further the disturbance is supposed to 
be strongly localised and will be represented by a Dirac 6-function, so that equations 
(1)... (4) are modified only at one value of z. Consider the components é,, h, 
and a, corresponding to an ordinary circularly polarised wave travelling in the 
z-direction. If 
(E, — £,) = Td(z —s) 

(18) gives 


tc <a — iwé, + Td(z — 8) = 4nqNUt, (20) 


“~ 


Equations (17) and (19) show that é, and a, are continuous at z = s. and 
hence from (20), h, increases discontinuously at z = s by the amount 17'/c. 

If now the boundary condition (A) is applied at z = +00, this will determine 
the ratio h,/é, for any z greater than s, because (17), (18) and (19) are homogeneous 


except at z = 8s; it is convenient to write 

h,/é, =p 
# is related to the reflection coefficient looking in the direction of positive z and 
1) is known as the wave impedance; also for a pure travelling wave yw is imaginary 
and | | is equal to the refractive index. Let mu, denote the limit of uw as z tends 


to s from above. Similarly the boundary condition (A) applied at z = —oo 
determines yu for z<s and yu, the limit as z tends to s from below. Now at s. ¢, is 


continuous and h, increases discontinuously by the amount i7'/c, hence 
(1 — Ha)é,(8) = tT/c 
and 
| 74(8) ? =| TP | a — wel? (21) 


(21) determines the intensity of the wave for a given disturbance described by T 
and shows that, if | 4, — “,| were very small, the intensity would be very large, 
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that is resonance would occur. The value of u, — yz is therefore important; the 
real and imaginary parts of u, — mu, require separate discussions. 
From (13) we obtain 


, ue — pb 

SE 0 Somer 
so that the imaginary part of uw is related to the Poynting vector. It should be 
noted that the kinetic energy flow F,, is continuous at z = s, because u, is con- 
tinuous. If there were no source of energy other than the disturbance described 
by 7, P, would have to be positive for z > s and negative for z < s; this would put 
a strong limitation on the possibility of resonance and the condition of exact 
resonance would require total loss-free reflection on both sides of the disturbance. 
In our problem however the electron velocity provides another source of energy 
and it is in principle possible for P, to be negative in the region where z is a little 
greater than s in spite of the boundary condition (A); alternatively P, could be 
positive in the region where z is a little less than s. This possibility is investigated 
in the remaining sections of this paper. 

From (17) 
iwh, = — cdé,/dz 

and hence 


0 aa 
2R(u) = w+ p* = — ~~ log (€,€,*) 


Now in a region of real refractive index 2,2,* oscillates and the condition that 
the real part of (u, — m,) vanishes is the same sort of condition as that which 
determines the frequency of any one-dimensional resonator. Since in our system 
the wavelength is much smaller than the dimensions of the system, this condition 
is very sensitive to small changes in various quantities, but the phenomenon of 
resonance will be significant, if it still occurs after averaging over the real part of 
(u,; — Mz) in an appropriate way: since R(u) varies sinusoidally with z we put 
R(u, — 2) = mcos 6 and average over 6; m is of the order of magnitude of the 
refractive index. 

Denoting the imaginary part of (u, — m2) by l (21) gives 

Qn 


2 
i | 7 | | do 
2 is. 
(12406) Pav = Qnc? J 4 12 + m? cos? 6 


which, on using the identity 
2a 


dé ~~} 
| 1 + A? cos? 6 ssc el 








becomes 


2 
3 [7 
(| (8) 7) av = a 
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Thus a sort of resonance can still occur, because | é, (8) |? would become very 


large if 1 became very small. 
This method of averaging is not justifiable, if the disturbance occurs in an over- 


dense region. Then ¢,¢,* does not oscillate with z and there is a tendency for 
a(é,¢,*)/dz to be negative for z > s and positive for z < s. 

The conclu ion obtained from this section is that a large intensity can be 
obtained from a disturbance in a region of real refractive index, if the two values of 
the Poynting vector immediately on either side of s determined by the boundary 
condition (A) applied at z = +00 and —oo respectively are nearly equal. This 
can occur only if the wave absorbs energy from the medium, so that the effect 
is one of amplification as well as resonance. 


5. THE Equation (c?D?2 + « + 18 + tyD)e = 0. 
It will be necessary later to know the variation of the Poynting vector for a wave 
equation of the form 


(cP? D? + a+ 18 + iyD)je = 0 (24) 
where D denotes 0/dz, e is a transverse component of the electric field, and «, B 


and y are functions of z. Let 
poee® 


g = i(e* De — eDe*) 
From (8) and (1) it is seen that P, is c?g/87m, and from (24) 
c? Dg = (28 + yD)p 


It is convenient to introduce the new variables 


i 
e’ = €eEp = fyds| 


g =9 — yple 
a’ =a + y?/4c? 
B = B — 4Dy 


(c?D* + a’ + ip’)e’ = 0 


Then e’e’* = p and 


and 
ce Dg’ = 2f'p (33) 

In considering the resonance condition of section 4, «, 6 and y are given con- 
tinuous functions of z. Two solutions of (24) are required: (1) for z > s, satisfying 
the boundary condition (A) at z = +00 and (2) for z <s, satisfying (A) at 
> = —o. The values of e at z = s for the two solutions are to be made equal and 
then. if the two values of P, at z = s are nearly equal, resonance will occur. Thus 
the condition requires that the two values of g should be nearly equal, and. since 
p is continuous at z = s, that the two values of g’ should be nearly equal. 

It is convenient to write (33) in the integrated form 


c’g’ = 2fp’pdz+K (34) 
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The lower limit of the integral will be taken as + 00 for (1) and —oo for (2) and the 
physical significance of the constant K can then be seen. For (1) the wave at large 
z is assumed to be a pure outgoing wave travelling in free space, so that « = w?, 
Bb =y = 0and 
De = —iwele 

whence 

= 2wp!c. 
Since y = 0, gy’ = g and 

Y = 2ewpy 

where py is the value of p far out in free space. For (2) the wave is supposed to pass 
through the sun and obviously decays very rapidly so that the constants corres- 
ponding to p, and K are both zero. 

A somewhat more complicated situation occurs in the next section. but the 
discussion is similar. Any constant multiple of NUp is continuous at z = s and 
vanishes in free space; hence it can be added to g to give g’ and the resonance 
condition still requires the two values of g’ to be nearly equal. It then follows that 
the integral in (34) should contribute an amount nearly equal to 2wp,/e to the 
difference between the values of g’ at z = s. More precisely f’p dz in which 
p is given by the solution (1) for z > s and by (2) for z < s, must be nearly equal 
tO Cwpo. 

6. Mopet witH AXIAL SYMMETRY 
In order to investigate the process of amplification in more detail it is necessary 
to consider a more definite model. A one-dimensional model would be too 
restrictive, because NU would then have to be a constant in order to satisfy the 
continuity equation. A convenient model is the axially symmetric one, which we 
now consider. 

The fundamental equations (1) . . . (4) are developed by Mr. R. E. Loucuueap 
(1953) in the following paper for a model specified as follows: H is uniform and 
directed in the z-direction and N depends on z only; in cylindrical coordinates 
r, @ and z, U, is zero and U, and U, are independent of ¢ and are odd and even 
functions of r respectively. The dependence on ¢ of the components of the 
wave is also restricted: they are to be proportional to e-*¢. 

All quantities depending on r are expanded in powers of r, the coefficients being 
indicated by suffices; for example 


and the zero order components of the wave correspond to an ordinary circularly 
polarised wave. LOUGHHEAD obtains the equations 


AriwmN qu, = (w? + c?d?/d0z?)e,, (35) 


ae alee . a 
(io +Q)+y»— (2N) a (NU,,) + Uso 5) 


iqU 
mo 


Cx 
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He then imposes the condition that the radial component P, + F, of the total 
energy flow shall not contribute to the value of div (P + F) on the axis r = 0, 
that is P,, + F,, = 0. This means that any variation of P,, + F,) with z must 
be due to energy exchange between the wave and the gas. 

LovuGHHEAD shows that if 

€n1 = (E + tm)eqo (37) 
where £ and » are real, this condition determines 7, and that, under the conditions 
required in the remainder of this paper, a good enough approximation is 


a 0 
e ™ (€,0€r0*) = — 47wWM Ujo U,o* Oz (NU 9) (38) 


One further equation is needed to determine the solution. It is consistent with 
LovuGHHEAD’s equations to specify & arbitrarily and later & will be taken to vanish 


for simplicity. 
Now, if u,) were eliminated from (35) and (36) they would yield a differential 


equation of third order; this would have two solutions representing radio waves 
and a third solution of quite a different sort with a wave velocity of the order of 
U,. Under the conditions which are of interest, however, an approximate second 
order equation can be obtained for the radio waves. We suppose 


\U\<e (39) 
3 @ 4 
IN = (NU ») |< (40) 


¥<w (41) 


Simple consideration also shows that, if the refractive index is less than 1, 
which is the case for ordinary polarisation, u,.—!0u,9/0z is not greater than w/c. 
Hence the term U ,,0u,o/0z in (36) is not greater than U ,,wu,9/c, which is much less 
than wu,, by (39). Thus neglecting the small terms in (36) 


Un © —iGe,o/m(w + Q) (42) 


and if this is now substituted in the small terms in (36) the resulting equation is 


i 1 @ Q 4) 
([: sangre: (> — oN ag NU) — | U0 5, ) |r 
1U .9 
+ Ce (43) 
@ 


Then, eliminating u,, from (35) and (43) and using (37) 


2 
ae 
ie lies €-0 





trNo*w | 
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This is of the form (24) with 


p . 
ies oft ‘- ~ (ql — UV wnlo)| (44) 


c 


(45) 








» — (2N)1a(N ied (46) 


o+Q 
= w9QNU,,/N(@ + Q) (47) 


It is seen that ¢ and 7 appear only in the expressions for 8 and « respectively, and 
in (27) 8 appears but not «. Thus & contributes to Dg; but & can be specified 
arbitrarily, and for want of a better hypothesis we put & = 0. It should be noted 
that all the components of the wave except é,9, €g9, vanish for a plane wave (i.e. 
when U = 0) and hence, even if it were not taken to be zero, € could be regarded 
as being of at least first order in U; then U,,é/w would be of second order in U 
and would not be likely to be important in (27). 

The work of Section 5 cannot be taken straight over, because, as shown by 


LOUGHHEAD 
2 


Pio = (g + 2np) (48) 


8rw 
where now 
P= €0er0* 
and 
J = (,9* De,g — €,9De,o*) 

We may put, in (38), 

tate* (_¢_)'___o 

C080" mw + Q)/ — 4nNm(w + Q) (49) 
and then obtain from (48), (27) and (38) with (49) 


OP 16 a @ ( QNU op 
dz soz 











fe 


p 
8a (@ + 5) ~ 82N(o + Q) (20 il ol i 


The earlier result (12) can be obtained using 
F 4g = INMU ,U,ottyo* 


and using the approximation (49). 
The resonance condition can now be expressed in the same form as in Section 


(50) 


5: i) ” B'p dz should be nearly equal to cwpp, if f’ is given by 


: No’y oar -1 ANU go) 
f= eg ee Gg 


7. GENERAL DISCUSSION 


(51) 


Since little is known of the state of the solar atmosphere over a sunspot, only 
a rough discussion will here be attempted of the situation in which the resonance 
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condition can be fulfilled. The condition as stated at the end of the last section 
requires that ie ’ p dz should be nearly equal tocwp,). This condition is obviously 


not impossible in principle and depends largely on f’ which is given by (51). 

Since the resonance condition can be satisfied only if the wave absorbs energy 
from the gas, and the effect of collisions, represented by the term involving 1, is 
a loss of energy to the gas, a necessary condition for resonance is that somewhere 


NB D(NU) >» (52) 


20N 
where U is now written for U ,o. 

Now » is given approximately (SMERD, 1950) by the formula 40N 7?” secs! 
where 7 is the absolute temperature. Also from (39) N, = 3-107? w(w + Q) 
if » and Q are measured in radians per second; and Q = 1-7:107H. Taking typical 
figures for the solar atmosphere and observed radio frequencies we find w(w + Q) ~ 
10'8and T ~ 10°, which give y ~ 10N/N,secs-!. We are not concerned with regions 
where V is much greater than NV, and hence (41) is easily satisfied; also (52) is not 
incompatible with (40). If the temperature of the emitting region in the solar 
atmosphere were higher than normal, v would of course be smaller since it is 
proportional to T~*”. 

Thus it appears that (52) can easily be satisfied, but it should be noted that v is 
equal to the mean thermal velocity divided by the mean free path. The sort of con- 
ditions required by (52) are likely to have DU > v and then the gas must depart ap- 
preciably from thermal conditions, that is the velocity distribution function for the 
gas will not be thermal. This does not invalidate our discussion, but shows that 
amplification will occur only in rather exceptional regions. 

Leaving aside the loss due to collisions we wish to estimate the order of magni- 


tude of 2{ “a B'pdz; from (51) the part involving U is 


w 

N. 

We discuss the contribution to this integral from a region where NU varies 

rapidly with z: (52) in fact shows that NU must change by a large amount in a 

distance small compared with the scale of the corona. If in this region NU changes 

from 0 to N,U, where N, ~ N, and U, <c, the contribution to (53) from this 

region can be written wU,p,, and p will have the value p, at some point in this 

region. Then. if the amplification from such a region is to be sufficient to cause 
resonance, wl’,p, must be at least of order 2cwp,: that is 


Di NU)dz (53) 


re (54) 


The important conclusion is that ieee must occur in a region where p 
is much greater than py. Then, if amplification occurs in a region where p reaches 
a value of p,, U must become as large as cp,/p,. It is therefore important to know 
how large p becomes. In overdense regions, where N > N,, p can increase by a 
very large factor. but. if overdense regions are involved, the discussion is more 
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complicated and it is difficult to estimate the relative importance of various 
effects: consequently we shall consider only a region in which N < N,, although 
we shall suppose that NV passes through the value V,, at the boundary of this region. 
The relevant equation can be taken as (32) and, since the question under investi- 
gation is whether p becomes large enough for the effect of 2’ to become important, 
B’ can be put equal to zero in this investigation, for, if the effect of p’ is important, 
the question is answered. (32) then becomes 


(c2D? + a’)e’ = 0 


and the W.K.B. approximation for this equation has been given by BREMMER 
(1951). In this approximation 


p = powa’"? (55) 


and the approximation is valid so long as «’ varies by only a small factor in one 
local wavelength. Since the local wavelength is 27c«’'”, the condition of validity 
can be written 
| 2arca’~*/? Da’ | <1 (56) 
The approximation (55) will give the right order of magnitude until the left hand 
side of (56) is of the order of 1, so that, if «’ passes through zero, p will reach the 
order of magnitude p,, given by 
Myw(27re Da’) 18 (57) 


Now «’ is given by (30) and we suppose that « changes more rapidly than 
y?/4c?. We also suppose that DN is roughly constant and equal to kN, in the 


region near the point where «’ = 0, so that k~ is the scale length for N. Then 
from (44), | Da’ | ~ kw* and 


@ 


~ paren nee 58 
Pm ~ Posy (58) 


Now 27c/w is the free space wavelength, say 1 metre; k~! may be of the order of 
the scale height in the corona, which is about 5-104 km. Consequently p,, may be 
several hundred times larger than py, and from (54) amplification can be obtained 
with velocities of the order of 1000 km/sec. 

The argument given above does not prove that electron drift velocities as large 
as 1000 km/sec are necessary for amplification. For instance if «’ has a minimum 
for some value of z, there will be a small range of frequencies for which the minimum 
value of «’ is very small. For these frequencies p/p, will become very large in the 
region near the minimum of «’ and amplification may be possible with electron 
velocities substantially smaller than 1000 km/sec. No further detailed discussion 
will be given at present. The aim of this paper has been to demonstrate the 
possibility in principle of amplification resulting from electronic motion and the 
question whether it is actually responsible for any solar storms still remains open. 
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ABSTRACT 

In the preceding investigation (p. 148) of wave amplification, Dr. J. W. DuNnGry has paid particular 
attention to the possibility of wave amplification in an axially symmetric model of the solar atmosphere 
over asunspot. In the present paper the differential equations of a small radiation field in a non-uniform 
ionised gas are shown to possess particular solutions, which, along the axis of symmetry, correspond to 
ordinary circularly polarised waves. By taking one of these solutions subject to the condition that there 
be no net radial flow of wave energy either into, or away from, the axis, the electric vector e, of the 
wave along the axis and the associated electron velocity 14, are found to be related by the equations 


2 
4miwNquy = {* 4 Flee 


: &. 2 =1{ 
fi(w + 0) +» — st 2 (Uy) + Un Zu, = 4 1 — 


where 7 obeys the equation 


0 7] 
c* Be (N€q * €o*) = — 4rmw Bz (NU ,9)tg * Uo* 


These equations form the starting point of DUNGEY’s investigation of wave amplification in the axially 
symmetric model. 


1. INTRODUCTION 


The problem discussed in this paper arises from the preceding investigation p. 148 
by Dr. J. W. DunGry of wave amplification in the non-uniform solar atmosphere 
over a sunspot. It is there shown that a large intensity can be obtained from a 
disturbance in a region of real refractive index, provided that a certain resonance 
condition is satisfied. To examine the process in detail it is necessary to consider 
a particular model of the solar atmosphere over a sunspot. 

As it is impossible to construct a one-dimensional model in which the equation 
of continuity of the electrons in the ionised atmosphere is satisfied everywhere, we 
must consider a model which is at least two-dimensional. A convenient model, 
upon which the investigation of this paper is based, is the particular axially 
symmetric model described in Section 3. In the following sections the equations 
of a small radiation field in an ionised gas are applied to this model, and the 
differential equations governing the radiation field along the axis of symmetry of 
the model are derived by means of the method of Taylor expansion. 
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2. THe FUNDAMENTAL EQUATIONS 


The differential equations governing a small radiation field in a non-uniform 
ionised gas have been developed by Dr. J. W. DunGry from the fundamental 
equations of BaILEy’s electro-magneto-ionic theory, subject to certain simplifying 
assumptions. For convenience we shall use the notations adopted in Section 2 of 
the preceding paper, where the symbols e, A, u and n denote respectively the 
electric vector, the magnetic vector, the associated electron velocity and the 
associated electron density of the radiation field. In addition the symbols H, U 
and N denote respectively the steady magnetic field, the steady mean electron 
velocity and the steady electron density of the ionised gas; q is the electronic 
charge, —4:8 x 10?’ e.s.u., m is the mass of an electron and cis the velocity of light 
in free space. With this notation and with e, A, u and n taken proportional to 
e the differential equations obtained by DuNcEY may be expressed as follows: 


iwh = —c curle (1) 
c curl h — iwe = 4nq(Nu + nU) (2) 
iwn = —div (Nu + nU) (3) 


1 
(iw + vu —~2 x u 4+ (u- grad)U + (U- grad)u » A, U x | (4) 


where (5) 


In place of (3) we may use the relation 
div e = 4nqn, (6) 
which follows from (2) and (3). 
By eliminating A between (1) and (4) we obtain the equation 
(iw + vu —2 « u 4+ (u- grad)U + (U- grad)u = 1 os Ss U x curle (7) 
m mw 


For the purpose of expressing (7) by a set of three equations in cylindrical co- 
ordinates it is convenient to write it in the form 


(iw + vy)yw —2 x uo 4+ grad (u- U) — U x curlu — wu x curl U 
—~4e1i4u x cule (8) 
m mo 


Similarly, if we eliminate A and n between equations (1), (2) and (6) we obtain the 


result 
4riwNqu = we — iw(div e)U — c? curl curl e (9) 


The investigation which follows is based on equations (8) and (9). 
3. APPLICATION OF THE FUNDAMENTAL EQUATIONS TO AN AXIALLY 
SYMMETRIC MODEL OF THE SOLAR ATMOSPHERE 


The fundamental vector equations (8) and (9) will now be applied to a two- 
dimensional model, which is axially symmetric about the z-axis. This model is 


specified as follows: 
1. The steady magnetic field H is uniform and parallel to the z-axis. 
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2. The steady electron density NV and the electron collision frequency v depend 


on z alone. 

3. If U,, U, and.U, denote the components of the steady mean electron 
velocity, specified with respect to cylindrical co-ordinates r, ¢ and z, then U, is 
zero, U, and U, are independent of ¢ and are respectively odd and even functions 
of r. 
If we write Q =| Q| in conformity with DuncEy’s notation, then 

Q, = —kQ, (10) 
where k = —1ifQ, >O0andk = 1if Q,< 0. We note that k? = 1. 


When the components of e and u are taken proportional to e—“¢, solutions 
exist, which, along the z-axis, correspond to an ordinary circulaily polarised 
wave. Then, by expressing (8) and (9) as a set of six equations in cylindrical 
co-ordinates, we obtain the following simultaneous partial differential equations: 


; ou, 0 : zs 
| r ws = " dz tr 
2} te 4}, 


w oz 


: U, 0 a 
rou, + {iw + + 2+ v, > +0,2hy, 


} ] 
05. ae Apa | ae 
@ r 


or or 


nin fo -n0.(2 + 2)-o(2- 8) 
srioNqu, = {w iw, (- aa ey. c a2) {°r 


pa —fiol’, Bak 
B( r or r r Pa ang e drdz) 


0 ( 1 ; de 
P ae a = ee 
4riwNqu,= ike me oe — 


, 1 Ly ee 7) Bs a1, 
4riwNqu, = — iow, E+ + >, +e : at Brae é, — Pan delle 5ul¢ 


ort. -$- 
+ jor +e x" = r2 
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To investigate the form of the radiation field governed by these equations we 
shall express the components of e and u as Taylor series in r, writing 


@ 

= Zz Con . r”, etc. 
So (17) 
fora) 

=> u,,°1r”, ete. 
=0 


where @,,,. €4,: Cnr Urns Ugn and u,, are functions of ¢, z and t. Moreover, as we do 
not know the functional dependence of U, and U, on r, we shall express these 


quantities as Taylor series in r; thus 


(18) 


are respectively odd and even functions of r, we have 


lecssilt | (19) 
O21 = 9 
for all positive integral values of J. If we substitute (17) and (18) into the set of 


equations (11)... (16), and equate the coefficients of the various powers of r, we 
obtain a set of differential recurrence relations. The recurrence relations of nth 


where, because U’, and U, 


order may be stated as follows: 


2 f Un) _ 4 ~i£ 5 2 


Zo <a — 
=) 89-8 Be ” mw t=ol @z 


oa n+. 
+i—- > {in +i— —— 


ma@ l=0 


kQu,, + (io + v)ug, + 5 Ptkent -U, } +" 
‘=o az 2 





— Wey nai. U Us ee _.U (21) 


n— : be n oU,, 

2 Uy ay Uf + (tw + v)u,, + Ps _—— ae + 
n+1 

2, 2 S (in + Diserr-1Un 


. . de, y . y 
= 2 > Pit U ae a S fin + > Desas1-1Un (22) 
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: a n+1 
4mriwNqu,, = {* +e i — io"S {in +2— Deras1Ur 


— 40'S Tegan te) — io {22 vy, 


0, n+1 


_ ; o — tk(n + B)ean| — c*(n +1) _— 
A z 


2 


~ {at +0 Sean + ike? (n + 1) {e, .42 — tk(n 4 


de OC nt 


+ ike? —— 


n+l 


4mriwNqu,, = — tw 2, {(n + 2 — Ney ngri U1} 


n+1 
— kw ae {6g n41—-1 0 si} + we, 1w 2 ae z,n—L U, | 


c'(n + 2) 2A Sn - ike? Manes + c(n + 3) (m+ lense 
(25) 


As the six recurrence relations corresponding to any assigned n do not involve 
the variables e,,,,. and e,,,. independently, but only through the linear com- 


bination 
Sn+2 = Ornt+2 — tk(n + 3)C 4 n+2 (26) 


~ 


it is convenient to replace (23’) and (24’) by the equivalent relations 


AniwNg{(n + 1)u,, — tkuy,} = {u* +o rr oon — tk€ gy} 


n+1 oe , 


— to(n + 1) 2 {(n + 2 — Dey ng1-1U ,} — beo(n +4)2 - {6 n+1- 19,1} 


— iw(n + 1) Zeek (23) 


2 
2 Oe. nt 


0 : 
4riwNqu,, = {u* of as £., + ike*(m + l)a, 2 + ike Ae (24) 


“~ 


Equation (23) is obtained by eliminating «,,, between equations (23’) and (24’). 
and equation (24) is simply equation (24’) rewritten with the help of (26). We 
shall henceforth refer to equations (20), (21), (22), (23), (24) and (25) as.the general 


nth order recurrence formulae. 
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Because the coefficients in the expansions of U, and U, satisfy the relations 
(19) it is easily seen by inspection that, for every positive integer , no recurrence 
relation contains coefficients from both of the following sets: 

1. Even coefficients in the expansions of e,, e,. u, and u,, and odd coefficients 
in the expansions of e, and w,,. 

2. Odd coefficients in the expansions of e,, e,, u, and u,, and even coefficients 
in the expansions of e, and w,. 

Consequently, solutions of the homogeneous linear equations (11)... (16) 
may be constructed by forming linear combinations of solutions that correspond 
to taking either all the coefficients in set (1), or all the coefficients in set (2), equal 
to zero. For the purpose of this paper it is sufficient to consider solutions in which 

€reit1 = Upeny = 9 
en = and Us o141 = 9 (27) 
— = Uz, =9 


for all positive integral values of /. It therefore follows that the recurrence 
relations (20). (21), (23) and (24) are satisfied identically for all odd positive 
integers n, and that the recurrence relations (22) and (25) are satisfied identically 
for all even positive integers n. Because these equations are satisfied identically, 
they need not be considered further. 


4. ForM OF THE RADIATION FIELD 
If we take n = —2 in (24) and n = 0 in (20), (21), (23) and (24) we obtain the 
following equations: 
Cro = the go (28) 


2 


driwNq(U,g — thug) = {a +e" “a (€,9 — thes) — 10U,,(€.9 — tke go) (29) 


2 
4riwN guy = {u* + oa + ike*a, + ike® ae (30) 


: 0 
kQu, + {iw ++)+ U,, + Uy Ns _ 


¥ T 
U rl U z0 


ike mee ee C4 
m @ m @ 


Equations (28) and (29) yield the relation 
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Consequently, equations (31) and (32) are not independent, as each can be 
transformed into the other with the aid of (28) and (33), and therefore equations 
(28) . . . (32) reduce to the two independent equations 


2 
2 Oe. 


. 2 2 2 
4miwN qu, = { +c a4 — Ca, —C Be 


; 0 
li(w + Q) +e + Un + Uo BN = 


involving the four independent variables ¢,5, u,9, x, and @,,. 

The six additional equations obtained by putting m = 1 in (22) and (25) and 
nm = 2 in (20), (21), (23) and (24) involve six additional unknowns 1,,, €,) or é49, 
Ung, Ugg, 23 ANd a4, aS a, is a linear combination of e,, and e,,. Moreover, the six 
further equations obtained by putting m = 3 in (22) and (25) and n = 4 in (20), 
(21), (23) and (24) involve six additional unknowns w,3, @,4 OF €g4, U4, Ug4> 25 and 
%, as “4 is a linear combination of e,, and e,,. Similarly, all successive sets of six 
additional equations taken in accordance with the above procedure will involve 
in every case six additional unknowns. Two further equations are therefore 
required, and these will be obtained from physical considerations. 

In imposing the first condition we are guided by the fact that terms of the 
order of U? are neglected in DUNGEy’s investigation, whi¢éh means, on the whole, 
that the results obtained may be regarded as correct to the first approximation 
for small U. When U = 0 the recurrence equations are still indeterminate, and 
if the equations (34) and (35), which relate the components of e and u along the 
z-axis, are to correctly describe the propagation of plane circularly polarised 
waves along the z-axis in the limit as U — 0, we must take 


ey 


Oz 


Ly = 


This is evident from an inspection of (34) and (35) as the term 7 


de. 


(35) vanishes in the limit as U0, but the terms —c?«, and —c? . in (34) 


do not. 
Since e,, = 0 and u,, = 0 by (27), equations (28) and (33) show that the 


radiation along the z-axis corresponds to an ordinary circularly polarised wave. 
The component e¢,, of the electric vector of this wave is related to the component 
u,. of the associated electron velocity through equations (34) and (35). In view 
of (36) equation (34) reduces to the form 


2 
4rioN qu = {.* +¢ al” 
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Equation (35) may be expressed in a more convenient form if we note 


l1 @ 


ao eee 38 
2N ez (NU 20): (3 ) 


which is easily verified by using the equation of continuity, div NU = 0. for the 
electrons in the gas and by remembering that U,, = 0. Further it is convenient 
for the later discussion to express e,, in terms of e,, by writing 


x, = (E + ero (39) 


where é, 7) are real quantities yet to be determined. Then equation (35) may be 
written as 


The field along the z-axis is not, however, determined by equations (37) and 
(40) alone, because equation (40) contains the two unknown quantities £ and 3). 
Although we could introduce the single arbitrary (complex) relation still at our 
disposal by assigning é and 7 the value zero for simplicity, the solution so obtained 
would not be physically significant in DuNGEy’s discussion. The consideration 
that must guide the introduction of the second condition to be imposed on our 
solution is the vital question of the mean rate of flow of wave energy into the z-axis. 
This question will be discussed in the following section of this paper. 


5. Fitow or Wave ENERGY INTO THE AXIS OF SYMMETRY 


In the present paper it is essential to eliminate the possibility that wave amplifica- 
tion along the z-axis might be due merely to a radial flow of wave energy into the 
axis, and not due to the mechanism suggested by BaILEy, in which the radiation 
field would absorb energy from the drift motion of the electrons. To counter 
this possible objection we impose the condition that there be no net radial flow 
of wave energy either into, or away from, the z-axis. 

The total mean flow of wave energy is 


P + F, (41) 


where P is the time-averaged value of the Poynting vector of the radiation field, 
and F is the time-averaged flow of the kinetic energy of the electronic wave motion 
induced by the radiation field. If there is to be no net radial flow of wave energy 
into or away from the z-axis, then the contribution of the radial component of the 
total mean energy flow (41) to the value of div (P + F) on the z-axis must vanish. 
That is, we require 
ld, = ld = 
Lt (? = (rP,| + It E = (rF,)} = 0 (42) 
r—+0 \r Or 


r>0 lr Or 
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Duneey shows that P is given by the equation 


P=— (e* x h+e x A*) (43) 
167 
where, by equation (1), 


h =~ curle (44) 
w 


By expressing the radial component P, of P and the components of A as Taylor 
series in r, it follows from (43) that, in a self-explanatory notation, 


Cc 
Ten {e40*h.0 — Ceo *hygo + Cgohso® — Czolgo*}, 


Cc 
Py = 167 {es0*ha a C41 * ho iT C29 "hg he C21 *higo 


+ Cgohtaa* + Cy hio* — Crohg* — eehgo*} 


Because e,, and ¢,, are zero and é,) = ike,o, these expressions reduce to the forms 


P= = {€,o*hio + €o20*} 
— tke 
Pa = 16m {69°F — €ohn*} — —— = fen" heo + earhgo*} 
By equation (44), 
s -2/* * 
¢ @laz OF 


and 


fst +0s] 
. 


Therefore, 


tc {de 
hy = [Ft — eal 


hig re 0 
and 


where 


We thus find 
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On account of (36) equation (46) becomes 


e & 
To 

> * Lek * 
how ez (€,0 Ca C06 21 ) 
‘ a 


and. if we introduce the relation (39), namely 


a (5 ~ ine ro: 


reduces to the form 
2 


G ‘ 
Py =o) oe ain Oz (7€,0€r0*) (47) 


Now. since P,, = 0. it is easily seen that the first limit in (42) has the value 2P.4, 
and hence. by equation (47), this limit is found to be 
| c @ 


| =F (eroero*) (48) 


It is noteworthy that this result involves 7 but not &. 
To evaluate the second limit in (42) we commence with the expression (cf. 
DunGEY. Sec. 2) 
F = lmN(u- u*)U + tm{U- (n*¥u + nu*)}U + imN(U- u*)u 
+imN(U-u)u* + imU*(n*¥u + nu*). (49) 
for the mean flow of the kinetic energy of the wave motion of the electrons. terms 
of the fourth order in the small quantities u and n being neglected. Since our 


fundamental equations (8) and (9) are correct only to the first order of these small 
quantities. it would be pointless to retain these fourth order terms in the expression 


(49). By equation (6), we have 
n = (47q)"' div e (50) 
If n is expanded as a power series in 7. the coefficients nv) and n, in this expansion 
are easily found from (50) to be 
i, = 0 


ny = (47q) : |34r2 — ike go + = * 


Then. using (51) and remembering that U,, = 0. it can be shown from (49) by 
repeated application of DE L H6pitTaL’s limit theorem that the second limit in 


(42) has the value 


fla =,| = o 
Lt jo (Fy = 2MNU ythattro® + YMNU go(teottar® + tho* te) 


r-* 


mU ay” f, de.,* | ' { eal] (52) 


ilo 3¢72* - ike ..* Ss jeaeii na 


ap a Mio \3er2 — ikegs + - 


az J 


" léag 
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By considering the recurrence relation 


io +9+U,+ 28 


(53) 


obtained by taking n = | in (22), it may be shown that, when & = 0, the second 
term on the right hand side of (52) is several orders of magnitude smaller than the 
first term under the conditions in which the results of this paper are applied in 
DuNGEy’s discussion. The third term on the right hand side of (52) is rather 
complicated and cannot be estimated accurately. However, as it is of the third 
order in U,,, it is probably small by comparison with the first term, which is of the 
first order in U,,, and will be neglected in the present discussion. Then, combining 
equations (48) and (52), we find that the second condition to be imposed on our 
solution is expressed approximately by the equation 


a a 
c & (e,oer0*) = — 4am a (NU ,9)tt,9U,o* (54) 
provided that we also put 

= 0. (55) 


We are at liberty to choose & and 7 to satisfy (54) and (55) as we have yet to impose 
the second relation needed to obtain a determinate set of recurrence equations. 
Such a relation among complex quantities is equivalent to two separate relations 
among real quantities, and hence both é and 7 are at our disposal. 

In the solution corresponding to this choice of & and 7 the component e,, of 
the electric vector of the circularly polarised wave along the z-axis and the 
component u,, of the associated electron velocity are determined by the equations 


4mriwNqu = ‘ (56) 


5 te = 2 1 — 28 (n +85) 
(NU 9) + Una i eal po +? | a) 


“ees 
uw + )+" — SW 


where 7 obeys the approximate relation 


" .57) 


c* = (7e,9¢r0*) = — 4rmw - (NU .9)Ut,oU,0* (54) 


0 
These equations form the starting point of DuNcry’s investigation of wave 
amplification in the axially symmetric model. 
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APPENDIX 


In DuNnGEy’s discussion an expression is required for the mean flow of radiation 
energy along the z-axis. With the aid of equations (43) and (44) we readily obtain 


+2 / 
~ ic de, 0e,* 
Px {(e0® : — 9 = + (Creta*® — eaten) 


and hence, by equation (39), we have 


~~ Srw 


= c* ( 0e,o 0e,9* 
sii a * r0 * 
Pg = 5 er Be ero ae + 2n€,0€-o (58) 


as the required expression for the mean flow of radiation energy along the z-axis. 
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ABSTRACT 

Night-time critical frequency variations at 25 ionospheric stations are analysed by season and by 
latitude for semi-diurnal solar tidal terms. The amplitude and phase of the vertical drift velocity of 
electrons so found are consistent with accepted tidal theory, and an estimate of the height-gradient of 
the vertical drift is obtained. Two parallel analyses are made, on the alternative assumptions that decay 
proceeds according to a recombination law or to an attachment law. The low values found for the 
decay coefficients preclude any decision as to which of these two decay processes is actually operative. 


1. INTRODUCTION 


It is now well established that the structure of the F-region is influenced by solar 
semi-diurnal components of tidal origin (MARTYN, 1947, 1948; “and Mirra, 1950, 
1951). However, vertical tidal displacement of the electrons of an ionized region 
whose rate of ion-production follows the simple Chapman law is quite inadequate 
to resolve the complexities exhibited by the daytime F-region. Two further 
significant processes which have been considered are a possible diurnal cycle in 
the temperature of the F-region, and a decay coefficient which decreases with 
increasing height. With the aid of these additional processes a reasonable syn- 
thesis of the daytime F-region may be effected. 

Night-time conditions in the F-region are very much simpler. The F,-region 
has disappeared; it is unlikely that any appreciable temperature changes persist 
especially in the latter hours of darkness; the height of the F,-region does not 
vary widely and the decay coefficient is therefore essentially uniform. It appears 
then to be a justifiable simplification to regard the night-time F,-region as an 
isothermal ionized region with a uniform decay coefficient, subject to semi-diurnal 
tidal displacements. Under these conditions an analytic approach to the tidal 
problem becomes possible. 

This paper is an attempt at the delineation of the structure of the vertical 
tidal pattern at the level of the F,-region, by latitude and by season, from analysis 
of night-time critical frequencies for a large number of ionospheric stations. The 
appearance of tidal components in the (instantaneous) electron density implies a 
vertical gradient in the amplitude and/or phase of the drift, and by comparison 
of the tidal terms obtained from the study of critical frequencies with the somewhat 
meagre data available from analyses of height variations in hy, some useful 
conclusions may be drawn regarding the vertical gradient of the drift. 

Values of the decay coefficient also follow from the analysis. 
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2. METHOD oF ANALYSIS 


Under the assumptions, already mentioned, of an isothermal region with a uniform 
recombination coefficient, the continuity equation for electrons, in the absence of 
ion-production, is 


where w is the semi-diurnal vertical drift velocity, measured positive upwards, 
in units of scale height H, and z is the reduced height (hk — hy)/H. At the level of 
maximum electron density N,,, this becomes 


dN dw 

“oi: Pin aa 

dt aN'm Np dz 
For w. with height-gradient specified by y and o, we may write 
w = we"? sin (2mt + oz + 9) (2) 


(1) 


w, and ¢ will be functions of both season and latitude. Moreover, as the variation 
of the level of N,,, is small, it is sufficient to identify this level with the datum 
level z = 0. adjusting w, and ¢ as required. Then, at the level z = 0, (1) becomes 


N 
—_ — —oN,? + AN, sin (2ot + 6) 


_where A = w,Vy? + o? 


6=¢+A; tans = —oly 
In terms of critical frequency f° and a time scale in hours, 


2 df° ‘ 4, fo2 : 
ca" —1-24 x 104af°? + A sin (2wt + 6) (3) 


Equation (3) refers to a region whose ionization decays according to a re- 
combination law. As considerable attention has been directed to the possibility 
that for the F,-region decay proceeds according to an attachment (linear) law, 
the observational data have been analyzed also assuming this law of decay, and 
the two treatments run parallel through the paper. The equation for the attach- 
ment law. corresponding to equation (3) for the recombination law, is 


har = —f + Asin (2ut + 6) | (4) 


The integral of (4) has been given by Mirra (1951), but the integral of (3) cannot 
be obtained in a useful form. 

These equations have therefore been solved in differential form by numerical 
evaluation of df®/dt at intervals of 3 hours. For a given station three values of 
df°/dt (taken at 21 hrs, 00 hrs = midnight and 03 hrs) suffice to determine the 
tidal parameters A and 6 and the decay coefficient «(f). Without additional 
information regarding the height-gradient of the total drift it is not possible to 
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evaluate wy) and ¢ which specify the drift velocity at the datum level, although 
the following considerations show that the phase angle ¢ can be fixed within 
reasonable limits. If y >0 and o = 0 (no phase gradient) ¢=6; if y=0 
(no amplitude gradient), ¢ = 6 + 7/2 according as o 20; and in the general 
case with y 40; o #0, |¢ —4| < 2/2. Alternatively, knowledge of wy and ¢ 
from independent data such as height variations will permit the evaluation of y 
and o and hence a complete specification of the vertical tidal drift. 


3. DATA USED IN THE ANALYSIS 


The data analyzed are the monthly averages of critical frequencies during the. 
8 hours of darkness from 20 hrs. to 04 hrs., for 25 stations for the period 1947-48, 
near sunspot maximum. The data for each station have been further averaged 
by seasons, each of 4 months duration: summer (S), equinox (E) and winter (W). 
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Fig. 1. Night-time critical frequency curves for typical low and high latitude stations. 


Eighteen of the stations lie north of the geographic equator and seven to the 
south. A grouping by geographic latitude was found desirable, the categories 
and the number of stations falling in each being: Low, 0-20° (5); Medium, 21—34° 
(8); and High > 35° (12). 

Typical night-time variations of critical frequency with time at low and high 
latitude stations, for each of the three seasons, are shown in Fig. 1. 


4. THe SEMI-DIURNAL TIDAL TERMS 


Figs. 2 and 3 present, in harmonic dial form, the amplitude A and phase @ of the 
tidal term A sin (2wt + @) in (3) and (4), for different seasons and latitude groups. 
Fig. 2 applies if decay proceeds by attachment, and for the present attention will 
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be confined to this case, as giving less scatter and better trends than the case in 
which decay proceeds by recombination (Fig. 3). 

With two exceptions, the scatter in the individual harmonic dials is large. 
Part of this scatter no doubt originates in the simplifying assumptions made. 
The phase angle § is composite, depending on the parameters y and o which 
specify the tidal gradient and upon the choice of a datum level. Therefore, whilst 
the phase of the eastwards component of the horizontal driving wind may remain 
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Fig. 2. Amplitude and phase of the tidal term A sin (2wt + 6) for different seasons and latitude 
groups when decay follows an attachment law. Full lines are group means. 
+ North latitudes + South latitudes. 


independent of latitude (or at most revérse), the structure of the vertical tide, 
which is influenced by the height of the datum level, by geomagnetic asymmetry 
and by damping, may show considerable variation from station to station, conse- 
quently scatter in the derived values of A and @ is not surprising. It may be 
significant that the scatter is least at medium and high latitudes in winter, when 
the F,-region shows closest approach to simple Chapman behaviour. 

At the equinoxes, the phase angles 9 for individual stations fall roughly into 
two overlapping groups, 150° apart, the overlap extending over the medium 
latitude range. Similar grouping is found, with much less scatter, in winter, with 
the cross-over point displaced towards the equator. No large seasonal change is 
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apparent at low latitudes. Seasonal vectors for the attachment case are drawn 
in Fig. 4 (full lines). 

These annual (equinoctial) and seasonal components, whose summed amplitude 
is WyV y? + o? and whose phase we may tentatively identify with the phase 
angle ¢ of the drift velocity at the datum level, are similar in form to the com- 
ponents proposed by Martyn (1948) to account for critical frequency data for 
some Australian stations. There are differences, however, in the relative phases 
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Fig. 3. Amplitude and phase of the tidal term A sin (2wt + 6) for different seasons and latitude 
groups when decay follows a recombination law. Full lines are group means. 
+ North latitudes. South latitudes. 


of the annual and seasonal terms—here either in or out of phase, rather than in 
phase quadrature as found by Martyn; and in the smaller amplitude of the 
seasonal term in the present case. 

The treatment so far has been confined to the tidal terms which must be 
present if decay proceeds by attachment. If however, decay proceeds by re- 
combination, we find (Fig. 3) a larger scatter, an annual term in which the phase 
difference between low and high latitudes is reduced to about 90°, seasonal com- 
ponents in phase quadrature with annual components, and a different cross-over 
latitude in winter. Despite these differences there is a close correspondence 
between the behaviour of the tidal terms whichever law of decay is chosen. In 
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view of the low values found for the decay coefficient (section 5) this is not sur- 
prising, and in fact in summer when the decay coefficient is particularly small 
(x ~ 2 x 107") the tidal terms become independent of the law of decay. 

It is appropriate to insert at this point a remark upon seasonal tidal terms. 
The annual term may be denoted by w, sin 2wt, where w, is a function of latitude 
and reverses sign at the node. Two alternative types of seasonal term are then 
available (a) w,(d) sin (2wt + &) and (b) w, sin (2wt + Qt + f) where 6 is the solar 
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Fig. 4. Seasonal tidal terms for low and high latitude groups. Twice the scale of Figs. 2 and 3. 
——_—+_—_—_—- attachment recombination. 


declination and Qt = 30°/month. CHAPMAN (1919) has shown that terms of type 
(a) with £ = 0 or z will arise in the daily magnetic variations from a semi-diurnal 
wind system and a diurnal and seasonal variation of conductivity, and are character- 
ized by a seasonal shift of the centres of the current sheets which produce the 
magnetic variations. As it is reasonable to suppose that the vertical electron drift 
reverses sign at the latitude of the centre of the current sheet. which shifts by 
some 10° between summer and winter, a seasonal term of the type (a) with 
£ = 0 (or 7) may well be present in the vertical tide. On the other hand & + 0 
implies a continuous variation of the phase of the total tide with latitude, with 
no nodal point. Provided the seasonal term of type (a) is somewhat larger than 
the annual. the total tide is in phase opposition in summer and winter. and is 
identical in amplitude and phase at the two equinoxes. A seasonal term of type (5), 
proposed by Mirra (1951). gives a total tide whose phase advances by about 90° 


every three months and on this hypothesis one would expect the behaviour of 
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the F,-region to be markedly different at the two equinoxes. That such behaviour 
was not observed in the data analyzed for high latitudes must be construed in 
favour of a seasonal tidal term of the type (a), viz., w,(d) sin (2wt + &). 

As indicated in Section 2, the values of A and 8, when considered in conjunction 
with independent data relating to height variations, will yield useful information 
regarding y and o which specify the gradient of the vertical drift. Weiss (1953) 
has shown that a height gradient when wy, is as large as } has little influence on 
the motion close to the datum level, and there is ample evidence that the actual 
drift velocities are much less than this. It is therefore sufficient to consider the 
maximum upwards displacement of h” as lagging 3 hours on the maximum 
upwards velocity. The further assumption y 4 0, o = 0 applied to the data of 
Figs. 2 and 3 leads to the time of maximum upwards displacements listed in Table 1. 
If o > 0. y = 0, all the times of Table | are to be advanced by 3 hours. The 


Table | 





Attachment Recombination 





Latitude 





Low 00-00 00-00 
Medium 01-00 03-00 
High 23-00 04-00 

















height data relating to the F,-region collected by Mirra (1950) show a maximum 
upwards displacement shortly after midnight, and for Canberra earlier in summer 
than in winter. The times of Table 1 will fall into agreement with the height data 
provided co > 0 and is not too small. 

If the amplitudes of the hy, variations quoted by Mirra are typical, w 
is of the order 10 km/hr or less. Since A ~ 0-1 scale height = 7 km, Vy? + o? = 
A/wy ~ 1 and y and a are of order unity. This is of course a very rough estimate, 
but one which is consistent with the absence of any large night-time variations 
in h¥.. 

5. Tue Decay CoEFFICIENTS 


The values of the decay coefficients found whilst solving equations (3) and (4) 
for the tidal parameters are plotted in Fig. 5. 

The values of the recombination coefficient « for the three seasons, averaged 
over all latitudes, are: S 1-6 x 10-4, E 3-1 x 10 and W6-9 x 10-" cm? sec"! 
respectively. Of the three abnormally large coefficients found, two relate to 
stations (White Sands and San Francisco) which do not show the expected seasonal 
change from summer to winter in the tide. Recombination coefficients for winter 
and equinox increase with latitude, linear regression coefficients found by the 
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method of least squares being 0-12 x 10-" and 0-08 x 10-"/° latitude respec- 
tively. In summer the recombination coefficient is essentially independent of 
latitude. These values of « are much smaller than those usually accepted for the 
night-time F,-region, as e.g. in the model atmosphere of Bares and MassEy 
(1946) for which « = 3 x 10-?° at night. 
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Fig. 5. Attachment and recombination coefficients for different seasons. 


For decay by attachment, the attachment coefficient 6 is independent of 
latitude at all seasons. Values of # averaged over all latitudes are: S 1-1 x 10-5, 
E 1-9 x 10-5 and W 2-4 x 10-5 sec7}. 

It is interesting to observe that with values of A of the order of 75 scale 
height/hr = 1-4 x 10-° scale height/sec, and values of 6 ~ 2 x 10-5/sec, the 
contributions to df®/dt by tidal processes and by decay are of roughly equal 
importance. 
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6. CONCLUSION 


It was hoped at the start of this investigation that the parallel treatment of decay 
by attachment and decay by recombination might furnish a firm basis for decision 
as to which of the two decay processes is actually operative in the F,-region. That 
this expectation has not been realized is largely due to the small values found for 
the decay coefficients, which make it virtually impossible to distinguish between 
the two alternative decay processes over the short period of time (6 hours) 
examined. The smaller scatter in the tidal terms for different stations and a tidal 
pattern more in keeping with accepted tidal theory may be construed in favour 
of a linear law of decay but the evidence can scarcely be held to be conclusive. 
The consideration of tidal terms by latitude groups is rather crude but suffices 
to establish the important influence of the gradient of the vertical drift upon the 
critical frequency. Further progress in evaluating the gradient of the drift rests 
upon simultaneous examination of height and critical frequency data for individual 
ionospheric stations, and such an investigation is planned. 
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ABSTRACT 
The differential equations of the dynamo theory for the terrestrial ionosphere are solved numerically 


under simplifying assumptions. 
The calculated current densities are used to estimate tidal velocities in the ionosphere necessary to 
produce the quiet day magnetic variations. A tidal amplification of about 60 compared with velocities 


on the ground is calculated. 
The calculated velocities and phases of vertical electron drifts are in reasonable agreement with 


experimental determinations of lunar tidal variations in measured virtual height of the different 


ionospheric layers. 
The calculated velocities and phases of horizontal electron drifts fit observations on long duration 


meteor echoes but the calculated phases are opposed to those obtained from fading measurements. 
The fading measurements appear therefore to refer to air movements and not to electron drifts. 


1. INTRODUCTION 


The chief cause of small regular fluctuations of the earth’s magnetic field is believed 
to be an upper atmospheric current system. BALFoUR STEWART (1882) and Scuus- 
TER (1906) advanced the view that these currents are probably due to tidal move- 
ments of conducting air across the earth’s magnetic field. CHAPMAN (1919) showed 
that the (height integrated) conductivity of the atmosphere was about 2-5 x 10-5 
e.m.u. if the tidal speed was at all heights the same as it was on the ground. As 
knowledge of the conducting region of the atmosphere, the ionosphere, increased 
through the use of new experimental methods employing radio waves, it was 
hoped that the dynamo theory would be confirmed. APPLETON (1937) and others 
found, however, that the conductivity of the ionosphere calculated from radio 
measurements was far below that estimated by CHAPMAN (1919) as necessary to 
explain the quiet day magnetic variations. 

TAYLOR (1936) and PEKERIS (1937) showed that the tidal oscillations of the 
atmosphere could occur in such a way as to cause the wind velocities at great 
heights to be very much greater than those on the ground. Recently this has 
been experimentally confirmed (SALZBERG and GREENSTONE, 1951; PHILLIPS, 
1952). The velocities obtained, while about a hundred times higher than those 
on the ground, are certainly not as large as the theories of Taylor and Pekeris 
would allow them to be in the absence of damping. Recent studies of ionospheric 
conductivity (COowLING, 1945; BaTEs and Massery, 1951) have indicated that this 
tidal amplification of 100 is insufficient to explain the magnetic variations and 
that an amplification of at least 6000 is required. 

This discrepancy led the author to re-examine the fundamental principles 
involved in the problem of ionospheric conductivity. When work on this paper 
was started, he was not aware that at least two others (HrRONO, 1952; MARTYN. 
1952) had attacked the same problem. While the horizontal conductivities 
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derived by these authors agree with similar expressions in this paper, the method 
of solving the differential equation for the current density differs essentially from 
the methods of Hrrono and Martyn and leads to different results. 


2. CONDUCTIVITY OF THE IONOSPHERE 


In the ionosphere electrons and ions execute their thermal motion in the presence 
of a magnetic field. If an electric field is present as well, there will be a mean drift 
of charged particles relative to the neutral particles superimposed on the thermal 
motions. The magnitude and direction of the drift velocity depend on the electric 
field, the magnetic field, the ratio of charge to mass of the particles and their 
collision frequency with the neutral air molecules. 

Let the z’ axis of a right handed cartesian coordinate system 2’, y’, z’ point 
in the direction of the magnetic field of flux density B. An electric field in the 
x’, z' plane is assumed with components F,,, E, parallel and at right angles to 
the magnetic field. The existence of different kinds of charged particles together 
with a much larger number of neutral particles is assumed. The mean velocity 
of the neutral particles is assumed to be zero. 

Let the charge of the nth kind of charged particle be ¢,,, its mass m,, its collision 
frequency with neutral particles v, and its gyro-frequency w, = e,B/m,. Then 
the mean velocity components v,,,, Vy», Vy, Of the nth charged particle relative 
to the neutral particles will be given by 


Vy, = Ey, (la) 
se: sll (1b) 
= Eyton (1c) 

Tn = Bw,»,/(@,? + ,”) 

where Ton, = Bw,?/(w,? + »,?) (2) 

Ton = Bw,/, 


(after CHAPMAN and BaRTELS, 1940). 
In the more general case, where the electric field has a y’ component as well, 


we therefore have (the magnetic field is still in the z’ direction) 
Vn = Eryn + Eytan (3a) 
yn = —Eyten + Lytyy (36) 
tn = Ey On (3c) 


v, 


We can write equations (3a), (3b), (3c) in tensor form 
vy, = FS (4) 
where the tensor 7’, has the components 


T v2'n = Tin Tyyn = Ten) T yen = 


T a2’ = Ton Tv 2'n = T yan = T van = 
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Over most of the earth the magnetic field is inclined and it is therefore more 
convenient to use a coordinate system zx, y, z with the x axis pointing south, the 
y axis east and the z axis vertically upward. Fig. 1 shows the relative position of 
the (x, y, z) (’, y’, 2’) systems in the northern hemisphere. The y and y’ axes 
are taken to be identical for simplicity and the angle of inclination denoted ,. 


Fig. 1. Relative position of x, y, z and 2’, y’, z’ coordinate axes. 


The direction cosines between the two systems are then given by /,,, = —sin x, 
Ly = —cosyz, Ly =1, 1, =cosy, l,,. = —sinyg, ly =—lLy =leye =ley =. 
and using these direction cosines the components of the tensor in the 2, y, z system 
may be determined. They are given by 


7, 


Zz. 


— in2 2 sa } aie 
zn — Tn SIN" X fs Ton COS” X, a = —T2, 81N x, Wis ia (Ton ise Tin) 
sin 7 COS ¥ 


= Ten sin x y ae = Tn» Fis = —Ten cos x 





(Ton — Tin) 8in x COS x, Ty, = Ton COSY, T,,, = Tin COS? Y + To, Sin? x] 


Equation (4) determines the drift velocity of the nth charged particle in the presence 
of known electric and magnetic fields. 

If the velocities and number densities V,, of all charged particles are known 
the current density j, at the height h can be determined. It is given by 


fx = 2¢nNWV, = Ede,N,T,, = ES (5) 
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The components of the conductivity tensor S are 

S,, = 0, sin? 7 + a, cos* yz, S,, = —o,sinz, S,, = (a9 — 9,) sin z cos 7 
Sy. = 02 8in x, Si. = %; Sy, = —, Cos 7 

S,. = (¢) — o,)sinycosy, S,,=0,cosy,  8S8,, = 0, cos? 7 + o,sin* x 
where 


So es Den nT On — 
n 





oO; = Den nTin = 
n 





- n non B oO,” + Vn2 


If the ionosphere is regarded as a thin layer it is clear that the current density 
must be almost horizontal. A small vertical component may be present due to 
the fact that the current distribution with height may be different at different 
points of the earth. The current distribution varies, however, very slowly with 
position, except perhaps near the equator, and therefore the vertical current 
density is very much smaller than the horizontal current density. 

If we therefore assume zero vertical current density we obtain from (5) 


Jan a S,.H, +. S,,H, + SH, =0 


E, = —E,{S,,/S,,) — B,(S,,/S,5) (7) 
Substituting (7) into the first two equations of (5) we obtain 

Jen = Fz2enBz + Sayrh, (8a) 

Jun = Fyenl, + FyyrL, (85) 


Ox, = K-10,05 (9a) 


Ory = —Fyen = —K-*0,05 sin x (96) 


Oyyn = K— (0,0 sin? x + 0,03 cos? x) (9c) 


K =o, cos? y + og sin? x (9d) 
93 = 0, + 0,7/0, (9e) 
Equations (8), (9) are also given by H1rono (1952) and Martyn (1952). Martyn’s 
notation is adopted, with the exception that o, differs in sign from the quantity, 


which Martyn designates by the same symbol (a, is negative here). 
The conductivities 0,.,, Sryn» Tyen Tyyn CAN be regarded as the components of a 


two-dimensional tensor which must be multiplied by the horizontal component 
of the electric field vector to give the current density. In this paper, however, 
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all equations will be given in terms of components. We shall refer to o,,,. O,y, 
as the direct conductivities and o,,, as the Hall conductivity. 

If the current densities j,,, j,, are integrated over all the heights h of the 
ionosphere, we obtain 


Se si On2H, - 0,,H, (10a) 


Jy = C,H, + o,,H, (10d) 


where 


Is Me Den dh, So pa Sun dh, Ox, = SOnnn dh, Oxy a —Oyz a SOnyn dh, Oyy = SOyyn dh 


If the values of the height-integrated conductivities o,,, ¢,,, O,,, 0), and the 
wind velocity are known for every point of the earth, then it is possible to determine 
the differential equation for the (height-integrated) current density. 


3. DIFFERENTIAL EQUATIONS OF THE DyNAaMO THEORY 


The differential equations of the dynamo theory may be considerably simplified 
by assuming that the tidal winds are semidiurnal in character, that the con- 
ductivity of the ionosphere is independent of longitude and that the geographical 
and magnetic axes of the earth coincide. It is only after making these assumptions 
that the comparatively simple treatment to be described here becomes possible. 

One further assumption not essential for the treatment is made here. The 
wind velocity is assumed independent of height in the conducting region. The 
significance of this is discussed in a later part of the paper. 

There are two electric fields acting on the ions and electrons at any one point 
of the earth. If the reference system at the point concerned is stationary relative 
to the mean position of the air molecules, there is an induced electric field due to 
the vertical component of the earth’s magnetic field and the horizontal movement 
of the tidal wind. In addition to this induced electric field there is also a polari- 
zation field, which is set up by accumulated charges in such a way that the current 
system set up by the combination of the two fields satisfies the equation of 
continuity. 

Let the induced field E; have the horizontal components 

E,,, = Ej, 8in 29 + E,,, cos 29 (11a) 


ira 


E,, = E,,, 8in 29 + E,,, cos 29 (116) 
where the coefficients H,,, etc., are only functions of the colatitude 9 and inde- 
pendent of the longitude angle gy (measured East of a reference meridian to be 
decided later) in accordance with our assumption about the semidiurnal nature 
of tidal velocities. 

Let the potential, from which the polarization field can be derived, be given by 


y = —r(y, sin 2p + y, cos 2¢) (12) 
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where r is the radius of the earth introduced here for convenience and y, and 
y, are again functions of only the colatitude 6 and independent of the longitude 
angle gy. The horizontal components of the polarization field E, = —grad y are 


Oy, 


Eye = Enq 8in 29 + E,,, cos 29 = 59 oe 


pr 


” cos 2p (13a) 


> ‘ 
Ey = E,,,8in 29 + E,,, cos 29 = — py sin 29 + pao cos 2¢ (136) 

The current density j at any one point is independent of the reference system, 
if the total charge density can be neglected, and is determined by the sum of the 
induced and the polarization fields E = E; + E, and the height integrated 
conductivities o,,, O,y, Syz, Sy, if it is assumed that both E, and E, are inde- 
pendent of height. It is further assumed that £,,, = E;,, = 0 (it will be seen 
later that this is in accordance with present knowledge of tidal winds and at the 
same time determines the reference meridian). Applying (10), (12) and (13) gives 


° j Oy, 2y ‘ oy, 2y, 
Je | Ons ( Bz, + oy Ory =| sin 29 +; E Ory On =a Oxy (z i “ms )| cos 29 


sin 6 
(14a) 
fa Me) - 
06 





2y, ; 


Substituting these values into the equation of continuity 
3; 
5 ti sin 0) + 5% =0 (15) 


and equating the coefficients of sin 2g and cos 29 to zero gives the following two 
differential equations for y, and y, 
e 4o,, do 0 
a vor cA 2 ~_&y 
sing ** ao °° - 00 
—2E y%yy = 9 
0 oy, — toy, Win 0 


07, 
o, 28in 8 = + 35 (o,, sin 8 “00 — Sng %0 + 2 ap Ya + op 


0*y, 


302 , sin 9) 5 


(E jnF%r- Sin 4) 


+ : (0, 
00 iva’ 2x 


Op, 8in 0 


(E 5 Fry Sin 9) 


Equations (16a), (16b) may be written in the form 


Oy, On aes 
392 + @ 30 By, — d= 0 


0*y, Oy, sea aa 
392 + % 30 — By + 7%. —& =9 
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where the coefficients are functions of 6 given by 


0 2 do 
= ae ; ae i _ Pate act Ee ee er 
36 (Zaz sin 9), in?6’ ”~ g,,sin6 00 


6 = (o,, sin 9)“ (E ixa% rx Sin 6) — 2B ity]: 


€ = (¢,, sin 6) | (E£4,%r, Sin 0) — 2B iaey| 


06 
Equations (17a) and (175) form a system of two simultaneous linear differential 
equations for y, and y,, where the coefficients are functions of the independent 
variable. Such a system can be solved numerically in a comparatively simple 
manner (H. and B. S. JEFFREYS, 1950), as will be shown in section 4. If y, and y, 
are known, j, and j, can be determined from (14). 

If the wind velocity and therefore H,; is a function of height (17a) and (175) 
can be shown to be still valid but 6 is given by 


§ = (¢,,an06)" {|< (FE ixnFrrn SiN 0) — 2B wun | an 


and there is a similar expression for e. 

Before describing the numerical method used in this paper, alternative methods 
of obtaining solutions of these differential equations used by other authors will 
be shortly described. 

MarTYN (1952) uses the fact that if a two-dimensional medium has direct 
conductivity o,, and Hall conductivity o,, and both are independent of the two 
coordinates, then the differential equation determining the current function from 
the electric field distribution is identical with the differential equation for an 
isotropic medium of conductivity o = o, + a,?/0;. 

This means that if 0, > o,, the “effective” conductivity o is very much greater 
than either the direct or the Hall conductivity. The assumption of a conductivity 
independent of position is equivalent to the omission of all terms of the form 
@c/20 in (16). 

The significance of this omission is best seen by setting o,, = o,, = 0. Then 
(16) reduces to 


Qo, ° 
Y, = |2 ee Eno aa 00 (EiyFry sin 0). y= 0 


If dc,,/08 = 0 then py, becomes infinite. If, as in practice, dc,,/06 is of the same 
order as o,, then the polarization field derived from y, will be of the same order 
as the induced field and the “effective conductivity”’ will only be slightly higher 
than o,,. The current distribution obtained by assuming an isotropic equivalent 
conductivity is therefore likely to be incorrect and the current densities obtained 
far too large, if the Hall conductivity is much greater than the direct conductivity. 
This will be further demonstrated by the results of the calculation to be described. 
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Hrrono (1952) by neglecting two terms of his equation (28) makes essentially 
similar assumptions to Martyn and his work will therefore not be discussed here 


separately. 


4. NUMERICAL METHOD OF SOLUTION 


In the previous paragraph two simultaneous differential equations (17) were 
obtained for the potential functions y, and y, which may be written as 
OW, OY, 


002 =e 00 + BY. + Yo + 0 (19a) 
ory, Oy, 


202 5 ree a0 + By, — YYa + € (19) 


For any given distributions of conductivities and tidal velocities with latitude 
and height, the coefficients «, 8, y, 6, « can be computed as functions of the 
colatitude 0. 

The boundary conditions satisfied by y, and y, are: y, and y, must both 
vanish at the poles (for 6 = 0 and 6 = =), dy,/00 and dy,/00 must both vanish 
at the equator (for 6 = 7/2). 

Assume that a method of obtaining solutions of (19) satisfying the boundary 
conditions at the equator is available. Let (y,;. yy). (Wo2, Yy2) be two independent 
solutions obtained by setting 6 = e = 0 and let y,5, y,3; be a solution of the full 
equation. 

Then Ay,,; + Byyo + Ya3, A¥n + Byse + 3 is also a solution where A and B 
are constants. These are chosen to satisfy the boundary conditions at the pole 
by setting 

Ay,,(9) i By,2(0) + Ya3(0) = 0 (20a) 


Ayy(9) + Byyo(0) + y3(0) = 0 (20b) 


and determining A and B from these equations. 

In practice the solution y,, y, become infinite at the pole and it is sufficient to 
determine A and B from values y,, y, for a very small value of the colatitude 6. 

Solutions of (19) are obtained in the following manner. An arbitrary set of 
values y,(7/2), y,(7/2) is selected for the equator. Knowing that dy,/00 and 
dy,/00 vanish, equations (19) determine d?y,/00?, 0?y,/00? at the equator. A 
Taylor expansion is then used up to the third term to determine y,, y,, dy,/00. 
dy,/00 at a latitude just north of the equator. If (19) is differentiated further. 
higher derivatives than the second of y, and y, can be determined and more than 
three terms of the Taylor series can be used. (This has not been done in the 
present calculation.) 

The same procedure is now repeated at the new latitude and values of y,, y,. 
dy,/00, Oy,/06 at a point still further north are obtained. Thus point by point 
the complete solution of the differential equation is determined. The smaller 
the interval between neighbouring points and the more terms used, the greater 
the accuracy obtained. 
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Having determined the potential y and its first derivative as functions of the 
latitude, the polarization field is determined from (13) and the (height integrated) 
current density from (14). 


5. ATMOSPHERIC TIDES AND INDUCED ELECTRIC FIELD 


The semidiurnal component of atmospheric pressure variation on the ground 
resulting from the solar tide is assumed to be given by the first term of Stmpson’s 
(1928) formula 

p = 0-937 sin? 6 sin [2(wt + A) + 154°] (21) 


in millimetres of mercury, where ¢ is Greenwich mean time, w the angular velocity 
of the earth and A the longitude East of Greenwich. 
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Fig. 2. Amplitudes and phases of the semidiurnal wind velocity components on the ground as 


functions of the latitude. Curve 1A shows the amplitude, curve 1B the phase of the South com- 
ponent v,,. Curve 2A shows the amplitude, curve 2B the phase of the East component typ. 





Writing wt + 4+ 77° = » the pressure variation is given by p = 0-937 sin? 6 
sin 2p. The South and East components of the velocity of the air on the ground 
were derived from this pressure variation by BarTELS (1928). The numerical 


result may be expressed as 
V9 = 55-2 cos 6 cos 2g cm/sec (22a) 
Vyo = —55-2(0-7 + 0-3 cos 26) sin 2g cm/sec (226) 


These wind velocity components are shown by Fig. 2 as functions of latitude. 


192 





Semidiurnal currents and electron drifts in the ionosphere 


From (22) the induced electric field can be determined. Assuming for sim- 
plicity that the earth’s geographic and magnetic axes coincide, the result is 


Ei, = Eizq SiN 29, E,, = Ej, cos 29 (23a) 
where 


E j4q = 3:46.10-* cos 6(0-7 + 0-3 cos 20) volts/metre (23b 
) 


E ,,, = 3-46.10~* cos? 6 volts/metre 


Equations (22), (23) represent wind velocities and induced electric fields on 
the ground. In the ionosphere (TAYLorR, 1936; PEKERIS, 1937; WEEKES and 
WILKEs. 1947) these values are multiplied by an unknown multiplication factor 
and, depending on the exact temperature distribution, they may be either in 
phase equality with or in phase opposition to those on the ground. 

In the calculation the values on the ground have been used. The tidal amplifi- 
cation is then estimated by the discrepancy between calculated and ‘‘measured”’ 


values of current density. 

All results will be obtained relative to the phase of the atmospheric pressure 
tide. Maximum pressure occurs about two hours before noon or midnight for the 
solar tide (Simpson, 1928) and about an hour after lunar transit for the lunar tide. 
(More details of the atmospheric lunar tides are given by CHAPMAN and Tscuu 
1948.) 

6. THE HEIGHT INTEGRATED CONDUCTIVITIES 
A simplified method for the calculation of o,,, ¢,, and o,, is used here. This method 
is not quite accurate but it avoids carrying out numerical integrations of o,,,. 
Gxyn> Tyyn for each latitude. 

Three similar equations to (9) are used: 

, = —L Jo, dh] [foo dh] (245) 
= L-{{fo, dh] [Joy dh] sin? y + [Joy dh] [fo dh] cos? 7} (240) 
L = [fo, dh] cos? 7 + [foy dh] sin? x (24d) 

These equations are very nearly correct at the equator and at points further 
than about 10° from the equator. If a value of fo, dh lower than the actual one 
is chosen. the transition from the equator to a latitude 10° off the equator can be 
fairly well approximated in o,, and o,, at the expense of having a somewhat low 
value of o,,, at the equator. This is not very important because the electric field 


has no South component at the equator. 
The following values (in electromagnetic units) were chosen to represent 


midday conditions-at sunspot maximum: 
Jo, dh = 2-10-7(1 + 2 sin 6) 
fo, dh = 2-10-%1 + 2 sin 6) 
Jo, dh = 7-10-%1 + 2 sin 4) 
fo, dh = 6-10-81 + 2 sin 8) 
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The factor (1 + 2 sin 6) was introduced to take the variations of electron density 
with latitude into account. The last three numerical factors have about half the 
values given by Martyn (1952) for the height integrated conductivities of the 
ionosphere. MartyYN also gives more detailed information on the variation of the 
conductivities o,, ¢,, o, with height and on the variation of 6,,;. Oy). Tyyn at a 
constant height with latitude. 
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Fig. 3. The height-integrated conductivities ¢,,, 0,, and o,, as functions of the latitude. 





The values of o,,, ¢,, and o,, as functions of latitude computed with the aid 
of assumptions (23), (24) are shown in Fig. 3. On approaching the equator o,, 
rises to a large maximum and o,, rapidly decreases to zero over a few degrees 
of latitude. 


7. CALCULATED CURRENT SYSTEM ’ 
Before describing the results of the calculation some details of the numerical 
work are given. 

The conductivities o,,, 0,4, ,, were computed to five figure accuracy (using a 
Facit E.S.A. calculating machine). The coefficients «, 6, y, 6, e were then calculated 
to the same nominal accuracy. Some of the differentiations were. however, 
carried out numerically; while this reduced the accuracy, it saved time. 

The coefficients were calculated for values of 6 at }° interval between 1°-5°, 
at 4° intervals between 5°-10° and 80°-90°, at 1° intervals between 10°-20° and 
70°-80° and at 2° intervals between 20°-70°. These coefficients are shown by 
Fig. 4. It can be seen that the coefficients tend to infinity near the pole. The three 
solutions are therefore carried as far as 6 = 1°, the accuracy being increased to 6 
figures over the last ten degrees. 

The first two solutions involve identical numerical work if the values 
Way(77/2) = 1, Pyy(z7/2) = 0, Yoo(/2) = 0, Yyo(7/2) = 1 are chosen, so that the 
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differential equation requires to be solved once to obtain both solutions. For the 
last solution y,3(7/2) = 0, y,3(7/2) = 0 was chosen. The solutions were carried 
up to 6 = 1°. where equation (20) was applied. Over the interval 10°-1° the 
solutions were calculated up to six figures, because in the final superposition of 
the three solutions differences between large and almost equal numbers occur. 
The solutions in terms of y, and y, are shown by Fig. 5. From these the 
current densities were calculated. These are given for a tidal amplification of 
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Fig. 4. The coefficients a, B, y, 6, € of the differ. Fig. 5. The solutions y,, y, of the differential 
ential equations (19) as functions of the latitude. equations (19) as functions of the latitude. 
When one of the coefficients is negative, the abso- 

lute value is indicated by a dotted curve. 


unity by Fig. 6. The calculated polarization fields, induced fields and total fields 
are shown by Fig. 7, Fig. 8 and Fig. 9. Figs. 6, 7, 8 and 9 show the maximum 
values of East and South components of current density and electric field and also 
the number of hours by which the occurrences of these maxima lag behind maxi- 
mum atmospheric pressure. 

If the ionospheric air tide differs in amplitude by a known factor and in phase 
by a known number of hours from the ground tide, then the amplitudes given by 
the preceding Figures must be multiplied by the tidal amplification, and the 
phase difference between ionospheric and ground air tides must be added to the 
phases shown there. F 

The current densities displayed by Fig. 6 may now be compared with the 
current distribution calculated by BarTets (1928) from CHapMAN’s (1919) har- 
monic analysis of the magnetic variations. BARTELS’ Fig. 28 gives a maximum 
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current density of about 18 amp/km at high latitudes for 1902, for the equinoxes 
and for the most intense current circuit which is almost centred on noon. The 
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Fig. 6. The amplitudes and phases of the semidiurnal current density components as functions of 
the latitude. Curve 14 shows the amplitude, curve 1B the phase of the South component j,. 
Curve 2.4 shows the amplitude. curve 2B the phase of the East component j,. 
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Fig. 7. The amplitudes and phases of the electric polarization, field components as functions of 
the latitude. Curve 14 shows the amplitude, curve 1B the phase of the South component £,,. 
Curve 24 shows the amplitude, curve 2B the phase of thg East component E py 








current density for sunspot maximum (1905) is higher by } according to BARTELS 
(1928): this gives 24 amp/km. If noon values of conductivity were maintained, 
as our calculation assumes, during the whole day, then this current density would 
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probably increase to about 30 amp/km and, if we compare this with 0-45 amp/km 
shown by Fig. 6, we are led to a tidal amplification of about 65. 
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Fig. 8. The amplitudes and phases of the induced electric field components £,,, E , as functions 
of the latitude. Notation as in Fig. 7. > 
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Fig. 9. The amplitudes and phases of the total electric field components E,, E, as functions of 
the latitude. Notation as in Fig. 7. 


Consideration of the total current in the circuit leads to the same result. Fig. 6 
shows a total current of about 1800 amps. as calculated by integration. BARTELS 
(1928) gives 62,000 amperes for 1902, which can again be modified to 83,000 
amperes for sunspot maximum and to 104,000 amperes if the noon conductivity 
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is assumed to exist at all times. This leads to a tidal amplification of 58. A tidal 
amplification of about 60 is therefore a reasonable estimate. It agrees fairly well 
with measured ‘‘wind”’ velocities (PHILLIPS, 1952). 

The tidal amplification factor of 60 obtained here is much lower than the usual 
estimates, even than the estimate of Martyn (1952) whose “‘effective conductivity”’ 
would tend to rather underestimate this factor. The methods used by other authors 
to determine tidal amplification are therefore shortly outlined here. 

CHAPMAN (1919) found that the height integrated conductivity of the iono- 
sphere (assumed isotropic) was 2-5.10-5 e.m.u. if the winds at ionospheric heights 
were the same as at ground levels. CHAPMAN in his work did not use the tidal wind 
distribution of BARTELS given by equation (22). His wind velocity which was 
derived from the atmospheric pressure variations by neglecting the Coriolis 
force. is identical with that of BARTELS (1928) at the equator, but it is 4} times 
lower at a latitude of 60° and drops to zero at the pole. This shows that CHaPMAN 
would have obtained a considerably lower conductivity than 2-5.10-5e.m.u. had 
he taken the Coriolis force into account. Using this lower value of conductivity, 
lower values of tidal amplification would have been obtained by previous authors 
who, although they usually accepted the velocity distribution of BARTELS (see 
Fig. 12 in Special Report No. 2 of U.R.S.I.)* used the high conductivity based 
on a different velocity distribution. 

There are other interesting properties of the current distribution displayed by 


Fig. 6. It will be noticed that the phase of the East component of the induced 


electric field and the phase of the East component of the current density at high 
latitudes are about 1} hours out of phase. On Martyn’s assumption of an equi- 


valent scalar conductivity, there should be no phase difference. This again shows 
that terms of the type 00/06 change the character of the differential equation (16). 

According to the current distribution of Fig. 6, maximum Eastern current 
should occur about 4} hours before pressure maximum at high latitudes. Pressure 
maximum occurs at 10 hrs (after midday or midnight; this notation is used 
throughout the paper) for the solar atmospheric tide on the ground, while Bar- 
TELS’ (1928) current distribution shows maximum Western current density at 
about 11 hrs corresponding to maximum Eastern current density at about 5 hrs. 
This would seem to indicate that the tidal wind system causing the dynamo 
current is almost exactly in phase with the wind system on the ground. ; 

Considering lunar tides the time of maximum pressure on the ground varies 
with the seasons (CHAPMAN and TscuHu, 1946) a reasonable mean value being 1 hr 
while maximum Eastern current density occurs according to BARTELS’ (1928) 
lunar current distribution at about 3 hrs at high latitudes. This seems to show 
that the lunar air tide determining currents in the ionosphere is almost exactly 
in phase opposition to the lunar air tide on the ground. 

It is rather interesting that ground and ionospheric air tides are in phase for 
the solar but out of phase for the lunar tide. Differences between the distribution 
of phases and amplitudes with height of these two tides may be due to the larger 
amplitude of the solar tide (WILKES, 1952). 


* Martyn, D. F.; U.R.S.I. Special report on tidal phenomena in the ionosphere. 
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It is further seen from Fig. 6 that the current density increases by a factor 
greater than two over the last ten degrees of latitude when approaching the 
equator. The current density at the equator is more than three times as high as 
the maximum current density at high latitudes. This explains the abnormally 
large magnetic variations near the magnetic equator. 


8. VERTICAL ELECTRON DRIFTS 


It was shown in section 2 that the vertical current density in the ionosphere must 
be extremely small. Large vertical electron drifts are, however, possible if they 
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Fig. 10. The dimensionless coefficients BC,, BC, in the equations for vertical electron drift velocity 
components. Curve | represents — BC, at 45° latitude, curve 2 shows BC, at 45° latitude and 
curve 3 indicates BC, at the equator as functions of height. 


are accompanied by a drift of positive ions in the same direction. This electron 
drift is readily calculated from the results in sections 4 and 6. 

The vertical electron velocity expressed in terms of the tensor 7' of equation (4) 
(the subscript e stands for electron) is given by 


Vie = F + F al + T 2H, (26) 
Substituting #, from (7) combined with (5a) and T,,,, T,,,, T,,. from (4b) gives 


v, = C,E, + C,H, (27a) 


where 
. (a9 — o,) sin x cos x 
on ae : ap 2 2 
Cy = (Toe — Tie) Sin x cos y — (7, cos? y + To, sin? x) pagar ape 


and » (27D) 
G2 COS x 
o, cos? y + a, sin? x } 














Cy = To, C08 x — (74, COS* y + To, Sin? x) 


The coefficients C,, C, have been calculated using the same assumption about 
atmospheric properties, as MarTyN used in the calculation of 0, 02, 03. Fig. 10 
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shows — BC, and BC, as functions of height for a latitude of 45° as well as BC, 
for the equator. (C, vanishes at the equator.) It is readily seen that below a 
height of about 170 km C,, which is negative, predominates while above 170 km 
C, predominates. Thus the phase of upward electron drift is determined by E, 
in the H-layer but by EH, in the F,- and F,-layers. There is some uncertainty 
about winds in the F,- and F’,-regions which in any case contribute little to the 
dynamo current system. Here we shall assume that there are no tides in these 
regions and therefore LE, = E,,, E,, = 0. 

We thus conclude from Fig. 9 that, in the H-layer maximum upward electron 
drift occurs 5-6 hours before maximum pressure at high latitudes and about 
1-5 to 3 hours after maximum pressure at low latitudes. For the lunar tide this 
means 1-2 hrs at high latitudes and 8-10 hrs at low latitudes. The lunar tide in 
h,’ takes place at about 11-3 hrs lunar time at high latitudes (APPLETON and 
WEEKES, 1939) and at about 6 hrs at low latitudes (MARTYN, 1948), in both cases 
earlier than the theory predicts. This is not a serious discrepancy in view of the 
assumed over-simplified distribution of the phase and amplitude of tidal velocity 
with height. 

In the F,- and F,-layers Fig. 7 shows that maximum upward electron drift 
occurs at about an hour before maximum air pressure at latitudes higher than 
about 30° and about an hour after maximum air pressure at the equator. For the 
lunar tide this means 6 hrs for latitudes higher than 30° and 8 hrs for the equator. 
This agrees well with measured values (MARTYN, 1947, 1948). 

It should be noted here that the existence of a phase reversal in the lunar tide 
in h, between high and low latitudes and the lack of such a phase reversal in 
h,, and h,,’ is explained by the fact that the former is determined by the North 
component, whereas the latter two are determined by the East component of the 
electric field. The non-existence of the phase reversal in the F-layer therefore 
does not indicate that there is no atmospheric tide in the F-layer as was formerly 
believed. Conversely the existence of the phase reversal in the E-layer does not 
prove that there is an atmospheric tide there. 

For the solar tide we obtain 9 hrs at latitudes higher than 30° and 11 hrs at 
the equator as times of maximum upward electron drift. A. P. Mirra (1950) 
shows that the average variation of h,,,’ at Delhi is almost semidiurnal in character, 
a second smaller maximum being reached at about 10 p.m. after a first maximum 
at about midday. 

Lunar effects in absorption were detected by APPLETON and BEYNON (1949). 
It appears that maximum downward drift occurs at 10-9 lunar hours. This would 
appear to indicate that the lunar atmospheric pressure variations in the D- and 


E-layers have opposing phases. 


9. HorizontaL ELEcTRON DriIFTs 
In recent years many measurements (PHILLIPS, 1952; SALZBERG and GREENSTONE, 
1951) of ionospheric “‘winds’’ have been carried out by recording the fading of a 
single ionospheric echo with two spaced receivers. This method may measure 
the movements of electrons and not of air. It is therefore of interest to determine 
the horizontal electron drift velocities resulting from the theory. 
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The x and y components of electron drift velocity relative to the ground are 
given by 
Vze = Vz9 + BD on i BT aye + ET yc 


Vye = Vyo + BT wn a BT wus - | am 


where v,9, Vy) are the horizontal components of the air velocity. Substitutions of 
E, and T, as in the previous paragraph give 





(a9 — 9,) sin x cos x] 


Un = 0+ Bln sin? 7 + 79, cos? 7 — (ro, — 7;,) sin 7 cos , 
we xz x e 0e x Oe le x a a, cos? y + o, sin? x 





: ; Og COS x 
E | - sin y — —_ sin y cos : 28a 
+ vy T2¢ x (Toe Tye) x x O; cos? x me So sin2 ¥ ( ) 





(a9 — 9,) sin x cos 4 


Vye = Yyo + B,J rs sin 7 + 7, COs x “nants +a 
1 0 





Oy COS ¥ (286) 


z,| - cos 7 — ; 
Fy] te F Tae a, cos? y + oy sin? x 


In most parts of the ionosphere not too near the equator, these equations are well 
approximated by 


2 
Use = Veg + z,| —r, ting — sad (29a) 


Oo siny 
Vye = Vyg + E,7-,/8in x (29b) 
These equations can be further simplified in the Z-region to 
Ure = Vzq — Ey72,/8in x (30a) 
Dye = Yyo + Lyry,/sin x (306) 
while in F,- and F,-regions assuming v,) = Vy) = 0 
= —E,, sin 7/B (31a) 
= E,,/(B sin x) (31) 
In (30) v,9 and v,, are equal and opposite in sign to the contributions by the 
induced voltages and thus in the H-region: 
= —E,,/(B sin x) (32a) 
= E,,|(B sin y) (326) 


ye 


The North component of electron drift both in the H- and F-regions is thus in 
phase with Z,,, while the East component is in phase with Z,,. Maximum North 
component thus occurs (Fig. 7) about one hour before maximum pressure over 
most of the earth, while maximum East component occurs two hours after maxi- 
mum pressure at high latitudes and 4} hours before maximum pressure at low 


latitudes. 
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Assuming, in accordance with previous conclusions, that the solar air tide is 
in phase with the tide on the ground, maximum North component should occur 
at 9 hrs, maximum East component at 12 hrs for high latitudes and at 5} hrs 
for low latitudes. 

These values are in approximate phase opposition to those measured by 
Puituips. It appears that the ‘‘winds” measured by PHILLIPS were not electron 
drifts but wave-like motions in the air of random direction which influenced the 
electron density and on which the semidiurnal air velocity was superimposed. 
Therefore the measured mean velocity was the velocity of the air and, assuming 
the solar tide to be in phase with the tide on the ground, agreement between theory 
and experiment is good. 

Other measurement of winds in the ionosphere using meteor trails and the 
scintillation of radio stars have been reported. Measurements on meteor trails 
indicate the electron drift and are therefore of special interest. Preliminary 
measurements by GREENHOW (1952), which agree with similar measurements of 
MANNING, VILLARD and PETERSON (1950), indicate that the wind directions 
measured by them are opposite to those measured by PHILLIPS (1952) and Sauz- 
BERG and GREENSTONE (1951) and agree with the results of the theory presented 


here. 
10. CONCLUSIONS 


The numerical method given here leads to a current system which differs both in 
phase and in amplitude from that predicted by Martyn’s (1952) method. Using 
this numerical method the tidal amplification is estimated as about 60. 

The calculated phase of the current system indicates that the solar atmospheric 
tide in the H-region is in phase with the tide on the ground, but that the lunar 
air tide in E-region is in phase opposition to the ground tide. 

The calculated vertical electron drifts fit approximately the known ionospheric 
lunar height tides. The calculated horizontal electron drifts agree with observa- 
tions on long duration meteor echoes but the calculated phases are opposed to 
those obtained from fading measurements. The fading measurements appear 
therefore to refer to air movements and not to electron drifts. 
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The measurement of ionospheric absorption using observations of 
18-3 Mc/s cosmic radio noise 


A. P. Mirra* ft and C. A. SHain* 


( Received 10 September 1953) 
ABSTRACT 


A new technique permits measurement of the total attenuation suffered by 18-3 Mc/s cosmic radio noise 
passing completely through the ionosphere. It is shown that the total absorption may be divided into 
two components, one due to absorption mainly in the D region-and the other in the F, region. The 
observations of D region absorption confirm the diurnal and seasonal variations observed by other 
workers. F, absorption depends on the critical frequency but not on the height of the region and there 
is evidence of increased absorption at night which may be caused by irregularities in the upper F' region. 
The observational results are compared with those obtained by other workers and suggestions are made 
for the use of the method, particularly in the exploration of the upper F, region. 


1. INTRODUCTION 


The usual method of measurement of attenuation of radio waves passing through 
the ionosphere is to compare the amplitudes of the multiple reflections of pulses 
on several frequencies at vertical incidence. Such measurements have been supple- 
mented, at several stations, by measurement of the absorption, both of pulses and 
of continuous waves, at oblique incidence. In all cases the measurements are 
made on radio waves transmitted from the ground and reflected from the iono- 
sphere, and great care is needed to obtain accurate results, chiefly owing to the 
irregular fluctuations in the amplitude of the received signals. A survey of the 
problem, with a summary of the more important results obtained at Slough. 
England, is given by SMITH-RosE (1951). 

In recent years some observations have been made of the attenuation of radio 
waves which have passed through the whole of the earth’s atmosphere. Observa- 
tions of moon echoes on frequencies near 20 Mc/s (KERR and SHAIN. 1951) have 
shown that useful new information can be obtained by this method. However, 
observations of moon echoes require large transmitters and, up to the present. 
have all been made at low angles of elevation. In one of the earliest observations 
of radiation, JANSKY (1937) noted that during the day the intensity of the cosmic 
noise was lower than expected and this was attributed to ionospheric absorption. 
In 1949, a preliminary series of observations of cosmic noise at 18-3 Mc/s was 
undertaken at the Radiophysics Laboratory (SHAIN, 1951) and it was apparent 
that, although the ionospheric attenuation was comparatively small, under 
certain conditions it was appreciable and could be measured without difficulty. 
These observations were made at vertical incidence. 

This paper describes the results of an extensive study of ionospheric absorption 
using a series of more accurate observations of cosmic noise at 18-3 Mc/s which 
were taken after the series referred to above. The site, as before, was Hornsby 
(near Sydney, New South Wales, latitude 34°S., longitude 151°E.). The primary 
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purpose of these observations was again the study of cosmic and solar noise, and 
those aspects of the work will be described elsewhere (SHAIN and Hiaarns, 1954). 
However, it was thought that the recorded data might be used to make a detailed 
study of the effect of the ionosphere on the intensity of the incoming radiation as 
measured at the surface of the earth. As the work proceeded it was found that the 
small variations in intensity due to the ionosphere could readily be measured. 

Attenuation as measured by the present method is the sum of contributions 
arising in all the different regions of the ionosphere. However, it is shown that 
the major contributions are due to the ) and F, regions and a method of separating 
these contributions is developed. 


2. TECHNIQUE 

The equipment used for the cosmic noise observations has been described fully 
elsewhere (SHAIN and Hiaetns, 1954). Briefly, ordinary communications-type 
receivers were used in conjunction with an aerial consisting of an array of 30 half- 
wave dipoles so arranged that the aerial beam was normally directed upwards 
(although the actual direction could be varied) and had an overall beam-width to 
half-power of 17°. At the frequency used, 18-3 Mc/s, the intensity of cosmic noise 
is high and it appears that for measurements of ionospheric effects on cosmic 
noise, a frequency in the range 15-20 Mc/s is most suitable; at lower frequencies, 
interference from radio stations and from atmospherics becomes serious. At 
18-3 Mc/s the period of the records lost from these causes was small and any such 
interference could be recognized from the characteristics of the record. Typical 
records are shown in Fig. 1. 

For the present purpose, ionospheric absorption at any time is specified by 
the ratio, expressed in decibels, of P, the received cosmic noise power, to Po, 
the power that would have been received if there had been no absorption at that 
time. 

The variations in received power P consist of variations due to ionospheric 
absorption together with variations in Py as the aerial beam scans different regions 
of the sky. The latter variation is a function only of aerial direction and of sidereal 
time and could be eliminated if the values of P, for the whole sidereal day and 
for the aerial directions of interest could be determined. 

The present method of measuring absorption involves taking observations of 
cosmic noise for about a year with a fixed aerial, so that all parts of the sky scanned 
by the aerial beam will have been observed at all hours of the day and night. From 
these observations it is possible to select those for which ionospheric attenuation 
is negligible. With these selected observations, a curve of the unabsorbed intensity 
of cosmic noise against sidereal time can be drawn and the absorption under any 
conditions can be calculated by comparing the observed intensity with the 
“standard” intensity for the sidereal time of the observation. If the aerial beam 
can be directed to cover different regions of the sky, a standard curve can be drawn 
from each position.* 


* A similar, but slightly different, technique has been suggested by LAFFINEUR and KOURGANOFF 
(1950). 
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It was found that records taken at night (when the D, HE, F, regions are absent) 
could be repeated to within the reading accuracy, from night to night, if the 
critical frequency of the F, region, f,F,, was in each case less than about 5 Mc/s. 
Received powers at other times were never higher. On a few occasions somewhat 
lower readings were obtained at night even when f,F, was less than 5 Mc/s. As 
these occasions were infrequent they were considered exceptional and it was 
assumed that the records taken at night with f,F, less than 5 Mc/s, and which 
gave values which could be repeated over several nights, could be used to establish 
the values of P, fc’ all sidereal times and for all aerial directions considered. 
For all days in the period chosen for analysis of the records, the intensity was 
scaled from the records for each hour of the day (150°E. time), the corresponding 
sidereal time was calculated, the value of P, read from the standard curves, and 
the absorption deduced. 


3. OBSERVATIONS 


A continuous series of observations was available from June 1950 to June 1951. 
All the records were used for the purpose of establishing the values of Py, special 
weight being given to some more accurate records taken at intervals throughout 
the year. To obtain some idea of the variations of absorption for different seasons 
without analyzing all the records, certain representative months were taken and 
their records analyzed for absorption effects. The periods chosen are set out in 
Table 1. 


Table 1 





Period of observations 





July 13 July—3 August 
September 8 September—29 September 
November—December 13 November—29 December 








For the purpose of analysis, data from the nearest ionospheric recording station 
at Canberra (latitude 35°S., longitude 149°E.), about 250km south-west of 
Hornsby, were used. These data are published in Jonospheric Predictions— 
Series D prepared by the Ionospheric Prediction Service of the Commonwealth 
Observatory. 

The results of the observations of absorption are shown in Fig. 2, where hourly 
means are plotted. As expected, the absorption varies with the time of day and 
also with season. (For several reasons the observations for July and September 
are not as accurate as those for November—December and most emphasis will be 
placed on the result for the latter period.) 

The values of absorption shown in this figure are the sum totals of individual 
contributions, some of which may be negligible, from the ionospheric regions 
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D, E, Es, F,, and F, (including its upper part, normally inaccessible), and perhaps 
a region beyond the F, region. However, as will be shown later, the major con- 
tributions are those from F’, and D. 


1S NOV. - DEC. 


TOTAL ABSORPTION —— 














2 i824 OO Ob 12 i824 OO Ob 
1SO° £. TIME 


Fig. 2. Monthly mean hourly values of total observed absorption. 


4. F, RecGion ABSORPTION 


4.1. Evidence for F, region absorption, and its characteristics 
In the early stages of the analysis it was apparent that there was often appreciable 


absorption at night, and that at all times the absorption tended to increase with 
increasing values of f,F,. Fig. 3 shows a scatter diagram of absorption against 
fF, for all observations during the months of November—December. There is 
evidently some correlation between absorption and f,F’, and this was found even 
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Fig. 3. Observed total absorption plotted against f,/, (November—December). 
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when, as in Fig. 4, points for a single time of day were considered. This suggests 
that some, at least, of the absorption occurred in the F, region. 

Such absorption seemed to depend on f,F, alone, for, somewhat unexpectedly, 
no dependence of absorption on either of the heights recorded for the F, region 


-5 
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fof? ——> 
Fig. 4. Observed total absorption at 10 hours (November—December) plotted against f,F,. 


(hpF, or h’F,), or on their difference (hpF, minus h'F,, which should be pro- 
portional to the scale height at the level of interest) could be detected. For 
example, Fig. 5 shows a plot of absorption against hpF, for a fixed solar time and 


2-0r 


rt L =| 


300 350 400 
hpF, 
Fig. 5. Observed total absorption at 12 hours (for f,/, between 7 Mc/s and 8 Me/s) plotted against 
hpF, (November-December). 








a small range of f,F,. Although only a small number of observations was used 
in Fig. 5, the fact that absorption is apparently independent of the height of the 
F, region has been confirmed by similar plots using night-time observations and 
also by comparing differences from the monthly means. 

In order to find the magnitude of the F, region component of the total ab- 
sorption, it is necessary to eliminate from the total absorption the possible contri- 
butions due to other regions. That such contributions exist is evident from the 
large scatter in Fig. 3 and also in Fig. 6, where the average values of absorption 
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for 1 Mc/s intervals of f,F, are plotted against f,F, for 06 hours, 08 hours and 
11 hours solar time (November—December). It will be noted that the points for 
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Fig. 6. Observed total absorption, averaged for intervals of 1 Mc/s of f,F',, for 06 hours, 08 hours 
and 11 hours plotted against f,/', (November—December). 


the three different times of day may be fitted by curves of the same shape but 
displaced progressively upwards. This implies that for each hour there is a com- 
ponent of absorption which is independent of f,F, but depends on solar time. 








. 
Fig. 7. F, region component of absorption plotted against f,F', (November—December). 


It is seen that the absorption becomes practically independent of f,F, for low 
values of f,F,, and to find the absorption due to other regions it is necessary to 
determine the value of absorption that remains for low f,F,. Inthe early morning 
and late afternoon hours when fairly low values of f,F, sometimes occur, the 
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extrapolation to no F, absorption involves little inaccuracy. However, during 
the middle of the day, for example at 11 hours (Fig. 6), f,F, is seldom low and 
the slope of the curve of absorption against f,F, is still appreciable for the lowest 
foF, recorded. In these cases the assumption was made that the shape of the 
absorption against f,F, curve was constant throughout the day. In this way the 
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Fig. 8. Monthly mean diurnal variation of the two components of total absorption 
(a) F, (6) other than F, (shown to be largely D). 


monthly mean residual absorption for each solar hour was estimated, and for each 
hour this amount was subtracted from all the values of total absorption observed 
at that hour. The remaining absorption, which is the component that may 
depend on f,F,, has been plotted against f,F, in Fig. 7. Comparison with Fig. 3 
shows that the scatter has been much reduced and the increase in absorption for 
the higher values of f,F, is clearly defined. 

The separated components of absorption for the three seasons are shown in 
Fig. 8. Fig..8 (a) gives the diurnal variation of absorption due to the F, region, 
and 8 (b) the corresponding variations of absorption due to other regions. 

In the course of analysis it was noticed that sometimes at night the absorption 
appeared to be unusually high for a particular f,F,, although no appreciable 
absorption would be expected from the lower layers of the ionosphere. As a 
check, the total night-time absorption and the F, component of the daytime 
absorption were each plotted against f,F,. In Fig. 9, the circles give the average 
tctal absorption for intervals of 0-5 Mc/s in f,#, for observations made between 
18 hours and 06 hours and the crosses the averages for the F, component for 
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observations between 06 hours and 18 hours (November—December data). It 
will be seen from Fig. 9 that for the higher values of f, F, the absorption at night is, 
at least on the average, higher than during the day for the same value of fy) F%. 
This phenomenon has been represented in another way in Fig. 10. In this figure, 


is | 





= | 


Mc/s to 





folk? ——e 


Fig. 9. F, absorption plotted against f,F,. Circles correspond to averages for observations during 
the night, crosses for observations during the day. 


a comparison is made between the F, absorption observed and the absorption to 
be expected assuming that the average relationship between absorption and 
f,F. for daylight hours were to hold at all times. It is seen that the discrepancy 
commences soon after sunset (about 19 hours) and is maximum at about 23 hours. 
It seems likely that the larger values of absorption at night are due to an additional 
source of ionization rather than a redistribution of the normal ionization, and this 


0:3 








150° E. TIME 


Fig. 10. F, absorption plotted against local time (November-—December) showing excess absorption 
during the night. (a) observed values, (b) calculated values assuming the variation of F, absorption 
with f,F, is the same during the night as during the day. 


is confirmed by the fact that on several occasions there has been considerable 
absorption at night-time even when the corresponding values of f,F, were very 
small. 

A possible explanation of this extra absorption may be found in the ionospheric 
irregularities which cause fluctuations in the intensities of the discrete sources of 
cosmic noise and which are probably connected with the occurrence of “‘spread-F”’ 
echoes in normal ionospheric recordings (RYLE and HewisuH, 1950). In Fig. 11 
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are plotted the variations in the excess absorption for November and December 
1950, taken from Fig. 10, as a function of time of day, and also the ratio, expressed 
as a percentage, of the number of occasions on which ‘‘spread-F”’ echoes were 
recorded to the total number of usable observations from the ionospheric recorder 


ANY 
a 
ail X 











150° E. TIME 
Fig. 11. (a) Excess night-time absorption, taken from Fig. 10. (6) Percentage occurrence of 


“‘spread-F’”’ echoes. 
at Canberra. It is seen that there is considerable similarity between the two 
curves and this suggests that scattering by irregularities of ionization in the upper 
F, region may be the cause of the excess absorption observed at night. 


4.2. Discussion— Variation of absorption with f,F, 


The absorption to be expected from a simple Chapman region for different values 
of the ratio of the operating frequency to the critical frequency of the region has 


o-8 r 








Fig. 12. Observed F, absorption (full line) compared with the theoretical absorption (dashed lines) 
for a Chapman region with several values of the parameter (4-34 Hy,,/c). 


been considered by APPLETON (1937) and JAEGER (1947), and typical curves are 
shown in Fig. 12, together with the observed variation obtained from Fig. 7. 
The theoretical curves are for three values of the parameter (4:34 Hy,,/c) where H 
is the scale height of the region assumed constant throughout the region, y,, is 
the collision frequency at the height of maximum ionization and c is the velocity 
of light. It will be seen that the curve of observed absorption has a different 
shape from the theoretical curve, showing a more rapid increase with critical 
frequency than the latter. 
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This result, obtained previously by SHAIN (1951), is not unexpected since 
previous ionospheric investigations have shown that the F, region shows little 
resemblance to a Chapman region, with large diurnal and seasonal anomalies in 
both the critical frequency and the equivalent height of the region. Modifications 
of the simple Chapman theory which must be considered include variation with 
height of the recombination coefficient and scale height and also the effect of large 
scale movements. for example those due to tidal forces. in the F, region. NICOLET’S 
work (1951) on absorption under these more complicated conditions, although 
originally intended for application to the )) region, must be extended to the case 
of the F, region. It seems doubtful. however. whether this will give a sufficiently 
rapid increase in absorption with critical frequency. 

It is possible that scattering by irregularities may increase the absorption at 
all times but there is. at present. no evidence that these irregularities are important 
during daytime. 

The incoming radiation will suffer attenuation due to refraction effects as 
f)F > approaches the operating frequency. Although such attenuation, calculated 
by the methods of BREMMER (1949) should be small, it is possible. as was suggested 
previously (SHAIN, 1951), that the unexpectedly high F, region attenuation may 
be associated with the unexpectedly high refraction observed in the measurements 
of the positions of extra-terrestrial sources of radio waves (PAYNE-ScoTT and 
McCreapby. 1948; Kerr and SHarx. 1951). Mirra (1952) has suggested that the 
large refraction effect may be due to an asymmetry in the ionization distribution 
in the F region caused by a variation in the recombination coefficient with height, 
giving a region of which the upper part is many times thicker than the lower 


part. The refraction attenuation due to such a region has not been calculated. 


Lack of correlation of absorption with F, region heights 

For a given value of the critical frequency of a simple Chapman region. the 
absorption varies as Hy,,. Although it has been shown that the Chapman theory 
is not valid in some respects for the F, region, it is probable that the proportionality 
of absorption to Hy,, should still be roughly correct. The collision frequency 
decreases with increasing height and it was expected that as the height of the F, 
region varied. the absorption would vary in the opposite sense. As this variation 
was not observed, it is probable that the product Hy,, is constant with height. at 
least to a first approximation. and hence that the scale height (and therefore 
temperature) increases with height over the range of heights concerned. Such a 
variation of temperature in the F, region is consistent with present data on this 
subject (GERSON. 1951). 


5. D ReGioxn ABSORPTION 


The component of absorption shown in Fig. 8 (b) may include separate com- 
ponents from the D. normal £. sporadic FE and F, regions. although contributions 
from the regions other than the D region would be expected to be small. As before, 
scatter diagrams have been drawn of absorption against f,£. fEs, and f,F, for a 
particular solar hour and for a small range of f,F,. These are not reproduced but 
it was found that there was no correlation between absorption and these three 
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ionospheric parameters, although in the case of the F and F, regions, the values 
of fH and f,F, vary little from day to day for a given solar hour, so that small 
contributions from these regions would not be detected. However, it may be 
concluded that at least the major part of the absorption not due to the F, region 
is due to the D region. This is in agreement with the conclusions of APPLETON 
and Piacort (1948) from pulse reflection experiments. 

For comparison with the observations made at Slough and elsewhere it is 
convenient to calculate the absorption index A. This is defined as the most 
probable value of the non-deviative absorption in decibels at vertical incidence 
for an effective frequency (that is f + f,, where f is the frequency of observation 
and f; is the gyro-frequency corresponding to the component of the earth’s 
magnetic field along the ray path) of 1 Mc/s. The values obtained at noon are 
compared in Table 2 with the values recorded at Slough (latitude 52°N., longitude 
1°W.) and at Port Stanley, Falkland Islands (latitude 52°S., longitude 58°W.).* 
For Slough two values are given for the summer and winter periods to permit 
comparison with the corresponding intermediate southern hemisphere seasons. 
There were no absorption data for the Falkland Islands for November and 
December 1950 and January 1951. 


Table 2. Noon values of A(db) 





Station Summer Equinox Winter 





Slough 440 May-June 1950 480 September 1950 | 390 January 1950 
510 May-June 1951 490 January 1951 
Falkland Islands | 360 October 1950 300 September 1950 | 280 July 1950 
380 February 1951 

Hornsby | 390 November-December 1950 | 200 September 1950 | 200 July 1950 


| 
| } | 














It is seen that although the Slough values are considerably higher in all seasons, 
the Hornsby cosmic noise results for summer (which are the most reliable) agree 
well with those recorded at the Falkland Islands, while the trend with season is 
also similar. The cause of the difference between Slough and the other stations is 
unknown—all three stations have roughly the same magnetic latitude. 

A full consideration of the seasonal variation would require analysis of many 
months’ data, but it would appear that the cosmic noise technique could be used 
to provide suitable data from many stations in different parts of the world. 

It has been found from earlier pulse measurements that the curve of D region 
absorption against time of day is usually roughly symmetrical about a time 
slightly later than local noon. BRacEWELL and Barn (1952) quote a private 
communication from PiccorTt, giving a value, deduced from the Slough absorption 
data, of 33 minutes for the lag of the time of symmetry after local noon. Also 





* The authors are grateful to the Director of Radio Research, D.S.1.R., for permission to use the 
data from the Monthly Bulletins of Ionospheric Characteristics issued by the D.S.I.R. Radio Research 


Station, Slough. 
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BRACEWELL (1952) has observed a diurnal asymmetry in the characteristics of 
the propagation of 16 kc/s radiation over distances of a few hundred kilometres 
which he attributes to the variations in a layer which probably causes the absorp- 
tion of higher frequency radio waves. He found a time lag of 25 minutes. 

Examination of Fig. 8 (6) shows that with the present observations the smoothed 
maximum value of the D region component of the absorption occurs after noon, 
the effect being particularly noticeable in the summer. The effect has been studied 
quantitatively as follows. The times were found, one before and one after noon, 
at which the absorption passed through a particular value. The time half way 
between these two times was calculated and the differences obtained between 
this time and the time of transit of the sun. This procedure was repeated for 
several values of absorption and the mean taken. It was found that for each 
month the time lags were of the same order of magnitude, the most reliable value, 
for November—December, being 27 minutes. This time lag is in good agreement 
with values found in the other investigations. 

It is known from previous absorption observations that the diurnal variations 
of D-region absorption is approximately of the form cos" y, where x is the 
solar zenith angle, and it is of interest to find the value of n which would best 
fit the present observations. This has been done for the three months separately, 
in each case allowing for the lag of the time of symmetry with respect to local noon. 
The values obtained for n are shown in Table 3, together with values deduced 
from the published Slough data for January 1949 to June 1949, and also the values 
deduced by Taytor (1948) from observations of continuous waves at practically 
vertical incidence. The agreement between the present results and the other 
observations is satisfactory. 


Table 3. Values of the exponent of cos x 





Frequency 


Author (Mc/s) 





Taylor 2-061 1-00 summer 
0-87 equinox 
0-73 winter 


(Slough) 0-9 summer 
0-8 equinox 
0-6 winter 


Present observations “ ‘1 summer 
equinox 
winter 











There is still some doubt as to the properties of the D region and further 
experimental work, which must necessarily include observations of absorption, 
is required, preferably on a world-wide basis, for testing theoretical conclusions. 
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For example, it is known (SmirH-Roskg, 1951) that although the diurnal variation 
of absorption is of the form cos" 7, the seasonal variation of noon absorption will 
not fit such a simple relationship. Further light may be thrown on this matter if 
absorption observations could be taken on the same days at several stations in 
different latitudes for which the noon value of cos y may vary over a wide range. 
The present simple method of measuring absorption may make such observations 
practicable. 


6. CONCLUSION 


A new technique has been described which enables easy and accurate measurements 
to be made of the total attenuation suffered by a radio wave passing completely 
through the ionosphere, and it has been shown that two main contributions, from 
the D and F, regions, can be recognized and separated. 

At present the number of stations making measurements of ionospheric 
absorption is small compared with the number making routine recordings of 
critical frequencies and virtual heights. The simplicity of the present technique, 
which also permits continuous observations of absorption and hence measurements 
of sudden ionospheric disturbances and other cases of abnormal absorption, 
should enable many observing stations to be operated throughout the world 
using similar equipment and this would allow ready comparison between the 
observations from different stations. 

One of the most important applications of the technique would be the operation 
of suitable equipment for measuring the total absorption of cosmic noise alongside 
pulse equipment for measuring absorption by reflection. The comparison of the 
two kinds of records should give valuable information concerning the absorption 
of radio waves in the F, region, particularly in the important region above the 
level of maximum ionization which is inaccessible to the normal reflection 
technique. 

The present study confirms the results of previously published observations 
but suggests that further theoretical work is required to interpret the discrepancies 
which exist between observational results and present theory, with particular 
regard to the F region. 
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ABSTRACT 


Calculations of the strength of the echoes from dense meteoric ionization columns have been made in 
the past by assuming that the trails behave like perfectly reflecting cylinders of that radius for which 
the refractive index is zero. It is shown that this procedure neglects the defocusing effect of refraction 
at greater radii. A general formula is obtained for the effect of refraction on echo strength. The maximum 
power returned from a large dense Gaussian distribution of ionization is found to be only 70 per cent 
of that assumed previously. 


INTRODUCTION 


Echoes from meteoric ionization columns have long been known to differ greatly 
from one another in amplitude and duration. Relatively recently there have 
appeared theories designed to explain in detail the causes of these differences in 
terms of a plausible ionization distribution model (KaIsER, 1952; EsHLEMAN, 
1952; GREENHOW, 1952). Because of the excellent confirmation with experiment, 
there can now be little doubt that a meteor produces a concentrated cylindrical 
distribution of ionization, confined to an initial radius of only a few centimetres. 
As time passes, the density of the ionization along the trail axis decreases and the 
radial size of the distribution is increased by diffusion. Given such a model, it is 
but an analytical problem to compute the strength of the echoes that would be 
sent back to a sounding station. 

Calculation of the intensity of meteoric echoes has been carried out so far by 
finding approximate formulae that are good in restricted ranges of ionization 
density and size. For weakly ionized trails, exact solutions have been obtained. 
For large, highly ionized trails, it has been assumed that the reflection coefficient 
is the same as would result from a metallic cylinder of size equal to the radius 
of zero refractive index. The solutions for these extreme cases differ in a number 
of ways. For the weakly ionized trails, the reflected signal strength decays essen- 
tially exponentially in time; the rate of decay is determined by the diffusion 
coefficient, but not by the initial density. For the highly ionized trails, the critical 
density radius rises to a maximum value at 1/e of the total duration; the duration 
increases with rising initial density. By dealing only with the maximum amplitudes 
in the two cases, curves of maximum reflected signal can be plotted as a function 
of the initial line density of charge. In the transition region, bridging formulae 
can be used. 

The objection may be made that use of the critical-density-radius for highly 
ionized trails neglects the refractive effects produced by the ionization distributed 
at greater radii. Unfortunately, the exact calculation of the high density case is 
very difficult. However, the use of geometrical optics and ray tracing methods is 
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applicable to sufficiently large columns. In this paper their application will be 
made to the calculation of the reflection coefficient for the dense case. The results 


will be shown to differ from those computed heretofore. 


GEOMETRY OF THE REFLECTION. PROCESS 


In developing the general theory, it will be assumed only that there is a cylindri- 
cally symmetrical] distribution of refractive index about the trail axis. 

As in Fig. 1 suppose that refractive index is a function of r alone. As r becomes 
very large, the refractive index will approach the free space value of unity. An 
incident ray will be directed towards the column in such a way as to miss the axis 








Fig. 1. Ray paths in a large over-dense cylindrical ionization column. 


by a distance A. At each point of the ray path, the radius vector from the cylinder 
axis of length r makes an angle # with the direction of the incident ray. In accord- 
ance with BouGcEr’s rule 


u(r) sin @ = A (1) 


where u(r) is the refractive index. For a ray of position fixed by A, the direction 
of travel and hence the path can be found by integrating equation (1). The 
quantity we wish to compute, however, is the reflected signal strength. It may 
conveniently be specified in terms of the radius of the equivalent metallic cylinder 
that would give the same echo as is observed. Suppose a ray to be reflected as 
shown in Fig. 1. The energy contained between this ray and one directed at the 
axis is proportional to their separation A. The reflected energy is fanned out over 
an angle y. As A is reduced, y simultaneously approaches zero. The limiting 
ratio dy/dA is a measure of the defocusing or spreading of the reflected wave. 
In the case of a metallic cylinder the radius p is related to the spreading by the 
expression 
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In the case of a refracting ionized column, the radius of the equivalent metallic 
cylinder may be found from (2) by computing the deviation as A approaches zero, 


using (1). 
Ray PatH CALCULATION 


The deviation in an ionized column of an incident ray of position A will now be 
found. Referring to Fig. 2, note that tan 6 = rdy/dr. As a consequence, 


me 
iit! r 


Fig. 2. Geometry of the wave path. 


where R is the closest approach of the ray to the cylinder axis. From (1), 6 may 
be eliminated in favour of r and A. If in addition we introduce the normalization 


r = Rz, 
=2/o% (3) 
vi : , 





= ae - 


Upon inspecting (3), it will be seen that only » is a function of A on the right- 
hand side. To find dy/dA, and so the spreading, we must evaluate dv/dA. We find 


dR dR 
2 22 2( Rr) 22R - ’ (3 R2 
i p?( Rx) R a A p?( Rx) x RaA Ap'( Raja R di 
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Since we wish to evaluate dy/dt for A = 0. we must evaluate (5) for A = 0. 
To do this. we must find dR/dA for A = 0. From (1). note that r = R when 
sin 0 = 1. Hence 

Ru( Rk) = A 
and 


dR 


- 1/(Rw'(R) + w) (6) 
dA 


As A approaches zero, “(R) approaches zero. Assuming su to be caused by 
ionization. 
. K N(R) 


f* 


and 


du | (—KN'(R)/f? 


a u( R) 
so that if V(r) has a finite derivative, du/dr becomes infinite as A, hence pu(R&) 
approaches zero. Referring again to (6) as A goes to zero, so then does dR/dA. 
Considering (5) again as A and d&/dA approach zero, note that the two final 
terms in the numerator vanish. The first numerator term then cancels with the 
reduced denominator, and 


(7) 


for A = 0. 
Referring to (3), we find 


oe 


yy fav 
dA JdAz 


1 
and for A = 0, 


dy as 2 dz 
dAi,_, J Ra®u(Rz) 
1 


BEHAVIOUR OF THE EQUIVALENT COLUMN RapIus 


Equation (8), in combination with (2), yields the general expression for the radius 
of the metallic reflector returning the same back-scattered signal as a large over- 
dense cylindrical column of ionization. Recalling that R is the critical density 
radius for back reflection, and p is the radius of the equivalent metallic cylinder, 


(9) 


where y = 1/2. 
Since the refractive index will always be less than or equal to one, it will be 
seen that the equivalent cylinder size must always be less than or equal to the 


critical density radius. 
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The example of greatest interest is the diffusion formed trail. If it is assumed 
that Q electrons are initially deposited along unit length of the trail, and that the 
diffusion coefficient is D, the electron density N will be 


(10) 


at time t. The refractive index is given by u? = 1 — KN/f*. The duration of the 
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Pf =t/te 
Fig. 3. Ratio of the effective radius of a dense diffusion formed ionization trail to the critical density 
radius versus time. 
echo is found by solving (10) for r, and letting the critical-density-radius vanish. 
For the critical-density-radius r = R, uw = 0, and N = f?/K. From (10) 


r? = 4Dt ln Q/4n7 Din 


so that if t, is the duration, 47Di,f? = KQ. From the preceding, and (10), the 
refractive index may be written 


1 
pw? = 1 — -exp (—1?/4Dtyy) 
y 


When r = R, w» = 0 and y = exp (R?/4Dt,y). Since r = R/y, 





(12) 


Fig. 3 shows a plot of (12), the integration having been performed with a 
planimeter. Notice that early in the lifetime of the echo the effective radius differs 
but little from the critical-density-radius. However, as the trail expands, a larger 
amount of ionization exists outside the critical radius, and the refractive effects 
are augmented. Near the end of the echo. the ratio of the effective to critical 
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radii approaches zero, and the inadequacy of the metallic-cylinder critical-density- 
radius method is most pronounced. In general, as can be seen from (9), the 
more diffuse the ionization distribution, the more important will be the refractive 
effects. 

Fig. 3 expresses the equivalent radius of the diffusion formed trail in terms of 
the critical-density-radius. It may be shown that the critical-density-radius R, 
in terms of the maximum value &,,, is given by the expression 


R pcan 
R, = Ve y In (1/y) (13) 


where y = t/ty. 
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Fig. 4. Time behaviour of the critical density radius and the effective radius of a dense Gaussian 
ionization trail. 


In Fig. 4 are compared the critical-density and equivalent radius time vari- 
ations. It will be seen that for a Gaussian trail refractive effects reduce the 
maximum received echo power to 70 per cent of the value computed in published 
calculations of meteoric echo strength. In addition, the amplitude function is 
altered so that the maximum echo strength occurs nearer the start of the echo. 


CONCLUSIONS 


Calculations of the strength of echoes from dense meteoric ionization columns 
have been made in the past by assuming the trail to act like a metallic cylinder 
of the radius for which the refractive index becomes zero. It has been shown, 
however, that if refractive effects are considered, the maximum received power 
from a diffusion formed trail will be reduced to 70 per cent of that computed using 
the critical radius method. For more general continuous distributions of ionization, 
the critical-density-radius method will always give a high answer. The extent 
of the error which results from its use depends upon the amount of ionization 
exterior to the critical-density-radius. Although the present calculations appear 
rigorous for very large columns the assumptions of geometrical optics on which 
they are based are not upheld for small columns. In their treatment of the dense 
column case, Kaiser and C.oss effectively used the zero refractive index radius 
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only for large trails; for the small radii dense trails, they chose an effective radius 
where the dielectric constant was progressively more negative. In this way a 
smoother transition was obtained to the scattering formulae. The refractive 
effects considered here may be expected to be important in the upper density 
region for which Kaiser and Coss’ assumption approaches that of the zero 
refractive index radius. 
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ABSTRACT 
The development curves of 10 solar flares observed in Hx light are compared with the sudden enhance- 
ments of atmospherics (S.E.A.s) generated by them. In confirmation of earlier work (1950), an average 
time lag of 7 minutes is established between the maximum of the flare and the maximum of the resulting 
S.E.A. This is interpreted as an effect of ‘‘sluggishness”’ in the response of the D-layer (at a height of 


about 75 km) to the ionising radiation from the flare. 
An analysis is made of the association of S.E.A.s with 413 flares of Classes 1, 2 and 3 during a period 


of 4 years. In the hours between 0900 and sunset 51 per cent of Class 1 flares, 88 per cent of Class 2 
flares and all Class 3 flares had associated S.E.A.s. The percentage association is higher during the 
middle of the day and in the afternoon than in the early morning hours. It is also higher in winter 


than in summer. 
It is emphasised that three or four 27 Ke/s recorders well distributed in longitude would give almost 


complete coverage for the recording of major flares; the method might profitably be used during the 
International Geophysical Year of 1957. 


1. INTRODUCTION 


In an earlier publication (ELLISON, 1950) some detailed comparisons were made 
between the Ha development curves of 13 well observed solar flares and the 
sudden ionospheric disturbances (S.I.D.s), generated simultaneously by the flare 
ultraviolet light as it illuminated the lower ionosphere. The following types of 
S.I.D.s were considered in relation to the flares: 

(1) Crochets in terrestrial magnetism (conductivity effect). 

(2) Radio fadeouts 5-20 Mc/s (absorption effect). 

(3) Sudden phase anomalies of very long radio waves at a frequency of 16 Ke/s 
(lowering of D-layer reflecting ceiling). 

(4) Sudden enhancements of long-wave atmospherics recorded on a frequency 
of 27 Ke/s (improved reflectivity of D at oblique incidence). 

(5) Sudden anomalies in the field strength of a distant 16 Ke/s transmitter 
(interference between ground-wave and sky-wave from D). 

Each type of S.I.D. was found to have its own characteristic form of develop- 
ment curve, and all differed somewhat from that of the Ha light, though it was 
evident that each was uniquely related to the flash of radiation which occurred 
near the time of commencement of the flare. In particular, it was discovered that 
the maximum of the extra-ionisation in D (as shown by effects 3, 4 and 5) was 
reached on the average about 6 minutes later than the time of peak intensity of 
the flare. Thus, it appeared that the electron density N in the D region lagged 
behind the progress of the visible radiation. During the decay phase this effect 
was even more pronounced, so much so that,-in the case of the most intense 
flares, the D-layer did not recover completely for an hour or more after all visible 
radiation in Ha had ceased. It is, of course, natural to suppose that the intensities 
of the visible and ultraviolet wavelengths in the flare radiation follow the same 
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course of rise and decay with time, even though only the former can at present be 
directly observed. At all events, this assumption will be made until there is 
evidence to the contrary. 

These facts, being of great interest to ionospheric studies, made it very desirable 
to obtain more numerous observations and more precise information about the 
course of flare development, especially in the early stages which are the most 
difficult to observe. In the past three years many more flare curves have become 
available, and in the present paper some of these are considered in relation to the 
sudden enhancements of atmospherics recorded in Edinburgh on frequencies 
between 27 and 22 Ke/s (11,000—14,000 metres). 

An ideal ionospheric experiment might be performed in the following way. 
We could arrange to illuminate a given layer with an instantaneous flash of ultra- 
violet light, whose peak intensity was, say, ten times the normal value. We would 
then record by radio methods the build-up and subsequent decay of the electron 
density. Although such an experiment is beyond our powers of achievement by 
artificial means, nature, through a remarkable mechanism occurring in the solar 
chromosphere, performs a similar operation for us on many occasions. As we shall 
see, the flare development curves tell us much about the rate at which the ultra- 
violet light is “‘switched on” and “‘switched off’; and the S.I.D.s indicate the 
course of the resulting ionisation in the D region, provided only that we can 
interpret the radio messages on different frequencies correctly. 


2. OBSERVATIONAL METHODS 


2.1. Ha development curves 
These graphs (continuous lines of Fig. 4) show the effective width of the flare Ha 
emission line plotted against time. Five of the curves were obtained by measure- 
ments made with the spectrohelioscope at the Royal Observatory, Edinburgh, 
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Fig. 1. Fraunhofer profile (XC Y) and flare profile (X AY) in Ha light. 


and five with a similar instrument at the observatory of Ondrejov, Czechoslovakia. 
The latter are reproduced by kind permission of Drs. F. Link and D. MASKov4A, 
from their valuable catalogues (LINK and MASKovA, 1951; 1952) of solar flare 
observations. Precisely similar methods were used at both observatories. Briefly, 
in Fig. 1, XAY represents the Ha emission profile of a moderately intense flare, 
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and XCY is the profile of the normal Fraunhofer H« line of the solar chromosphere 
upon which the emission is superimposed. Then XY, which may be called the 
effective width of the emission line, is measured by setting the second slit of the 
spectrohelioscope (here drawn to scale) successively in the positions 1, 2 and 3. 
The slit is set first in position 1, for darkest field (and usually brightest for the 
flare), then in positions 2 and 3, the points at which the emission loses contrast 
with its background. To avoid systematic errors the slit is moved in the outward 
direction, from 1 to 2 and from | to 3. The effective width is, therefore, the same 
thing as the visibility range of the emission line and is measured in angstroms. 
Such measures can be made at a rate of one or two per minute during the course 
of a flare. Alternatively, the central intensity, AB, of the line may be determined 
with a photometer (NEWTON, 1939; ELLison, 1952) and may be expressed either 
in terms of the brightness of the continuous spectrum outside the wings of the 
Fraunhofer line. or in terms of the brightness, BC, of the normal chromosphere. 
Such a series of measures (corrected for instrumental scattered light) is given in 
Fig. 4 (No. 8, I.C.) alongside the line-width curve. Experience has shown that the 
line-width of H« increases and decreases rather more rapidly than the central 
intensity, although the times of beginning, maximum and end of the flare are in 
close agreement whichever method is employed to record the development. 
Ideally, of course, one would like to be able to follow the total energy output 
of a flare in H« light. i.e. to obtain continuous measures of the areas XA YC in 
equivalent angstroms between the two profiles. Such measures have been made 
on a number of flares (ELLISON, 1952), but since they involve precise photographic 
photometry and the application of troublesome corrections the method is not yet 


applicable to high-speed work. In practice, therefore, the determination of line- 
width remains the simplest and most reliable means of following the development 


of a flare. 


2.2. Sudden enhancements of atmospherics 


It is now generally accepted that the flash of ultraviolet light generated in a flare 
produces a layer of extra-ionisation in the D region. The absorption coefficient 
for short radio waves traversing this layer experiences a sudden increase and this 
gives rise to the fadeouts, either partial or complete, on long distance channels 
of communication, phenomena which were first observed by MOGEL (1930) (see also 
APPLETON, 1938) and were later associated with flares by DELLINGER (1935). 
In addition, the coefficient of reflection for very long radio waves, incident obliquely 
upon the base of the D-layer, is raised, which in turn produces large enhancements 
of the signals received after successive reflections from a distant transmitter. 
R. BurEAU (1937), to whom we owe this discovery, has investigated these enhance- 
ments by continuously recording thunderstorm atmospherics at many different 
wavelengths. He finds that the sudden enhancements are characteristic of the 
spectral range 7 km to 16 km (BurREAv, 1947), being most pronounced at a wave- 
length of about 11 km (27 Ke/s). There is no question of an increase in the number 
of atmospherics at such times; the phenomenon is simply one of improved propa- 
gation at these wavelengths. 

The frequency of occurrence of S.E.A.s shows a fairly close dependence upon 
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the general level of solar activity throughout the 1l-year cycle. This has been 
demonstrated statistically by BuREAU (1941) in relation to both the relative sunspot 
number (R) and the areas of calcium plages faculaires; and by J. KLECZEK (1952) 
in relation to a flare activity index (Q) depending upon the importance and duration 
of flares observed each day. At the Royal Observatory, Edinburgh, S.E.A.s have 
been recorded continuously since June 1949. The object here has been to make 
comparisons between individual flares and their S.E.A.s, as well as to investigate 
the suitability of this means for detecting flares and estimating their importance 
when direct observation is impossible. These results, obtained during four years 
(1949-53) of declining solar activity, form the basis of the present paper. 





S.E.A, 


l it n l 1 i 1 








3 6 9 12 1s 18 21 


Fig. 2. A typical 24-hour record of integrated intensity of atmospherics on a frequency of 27 Ke/s, 
1951 March 24. SS mark the times of local sunrise and sunset at ground level. 


The atmospherics receiver was constructed for us through the kind co-operation 
of Mr. J. A. Ratcuirre and members of the Radio Section, Cavendish Laboratory. 
It consists of a tuned aerial feeding into two tuned R.F. stages, with a cathode 
follower low-impedance output, which may be used, either for visual display and 
tuning with a C.R.O., or to feed the detector-recording circuit. The band-width 
of the receiver is about 200 c/s. The detector circuit introduces a time constant 
whose measured value is close to 60 seconds, and the rectified output is applied to 
a recording milliammeter. A typical 24-hour record of the integrated intensity 
of atmospherics on 27 Ke/s is shown in Fig. 2, and some notable examples of 
sudden enhancements are given in Fig. 3. 


3. COMPARISON BETWEEN INDIVIDUAL FLARES AND S.E.A.s 


In Fig. 4 (1-10) the continuous lines are the development curves of the flares and 
the broken lines those of the S.E.A.s. The points (open circles) of the S.E.A. 
curves were obtained as follows. Under each S.E.A. trace (see Fig. 3) a dotted 
line was drawn in on the original milliammeter record to represent the level of 
atmospherics which would have been expected in the absence of an enhancement. 
(This can usually be estimated with some accuracy when the complete daily 
record is available for inspection.) By means of a suitable graticule the ordinates 
above this base line were read off at one-minute intervals in the pre-maximum, 
and at 3 or 5 minute intervals, in the post-maximum stages. The ordinates were 
then scaled up or down and were plotted in Fig. 4 so as to give the same maxima 
as those of the flare line-widths. The zeros of the S.E.A.s were made to coincide 
as nearly as possible with the pre-flare and post-flare values of line-width, which 
usually lie between 1-0 and 2-0 A. As was shown in previous work (ELLISON, 1952), 
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1-5 A is the average value for the line-width in the bright hydrogen plages where 
the flares originate. 

It will be seen that in five cases (3, 4, 5, 6 and 7) the S.E.A. begins at the same 
time as the //x line begins to widen: in three cases (8, 9 and 10), however, the 
S.E.A. commences several minutes after the flare. Nos. 1 and 2 are uncertain, 
since here the commencement of the flare may not have been recorded. In all 
10 examples the rate of rise of the S.E.A. is less than that of the flare; thus the 
S.E.A. maxima lag behind the flare maxima by amounts which vary from 5™-0 
to 13™-5, with an average of 8™-1. When we reduce these figures by 1™ to com- 
pensate for the time constant of the receiver, we obtain an average lag of 7™, in 
close agreement with the earlier result of 6™ already quoted. These facts appear 
to indicate, on the simplest interpretation, that the electron density at a height 
of about 75 km builds up more slowly than the number of ultraviolet light quanta 
incident upon the layer. 

Let us next consider the decay phase. In Nos. 5, 6, 7, 8 and 9 the S.E.A. 
returns to zero after long delay times—15, 40, 32, 47 and 35 minutes, respectively, 
after the observed times of flare ending in Ha light. With the exception of No. 6 
these were all flares of the Class 2-3 category, i.e. having areas exceeding 300 
millionths of the solar hemisphere (6 square degrees) and exhibiting high Ha 
intensity. Although neither the end point of a flare nor of an S.E.A. can be 
determined with great accuracy, it is safe to conclude that after an intense flare 
the D-layer ionisation at this height may not return to normal for half an hour 
after the visible radiation has ceased. In the earlier results (ELLISON, 1950) 
even longer delay times were found for Class 3+ flares. For the Class 1 flares, on 
the other hand, those of small area and low intensity, such as Nos. 2, 3 and 10, 
there is no appreciable interval between the two times of ending. No. 1 is an 
interesting case where the flare, having subsided, brightened a second time more 
slowly than before. The second slow rise did not produce any comparable effect 
upon the §.E.A. record. This has often been noticed; flares of the slow-increase 
type produce much smaller ionisation effects in D than those which begin witha flash. 


4. INTERPRETATION OF TIME LAG BETWEEN S.E.A. MAXIMUM AND 
FLARE MaxIMUM 

APPLETON has suggested (1954) that these results indicate an interesting example 
of the ‘‘sluggishness” of the ionosphere. In a recent note (1953) he has given 
reasons for supposing that when gq (the rate of electron production) passes through 
a maximum in any ionospheric layer, the resulting maximum of N (electron 
density) will be delayed by a time of the order of 1/2«N seconds, where « is the 
recombination coefficient. In the case of a flare we may expect that the maximum 
of q is reached at the time of flare maximum and the maximum of WN at the time 
of S.E.A. maximum. This interval (At) we have found to be 7 minutes, on the 
average. 

Although it is not possible to determine N directly for the D-layer at a height 
of about 75 km, (aN) may be estimated from the equation, 

1 


Ai = 
2aN 


(1) 
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Fig. 3. Some examples of sudden enhancements of atmospherics (S.E.A.s). The figure in the top 
right hand corner of each diagram gives the frequency in Ke/s. The abscissae are expressed in U.T. 
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Fig. 4. The continuous lines are the line-width development curves for flares expressed in angstrom 

units (left hand ordinates). Nos. 1, 2, 5, 6 and 7 were observed at Ondfejov, and Nos. 3, 4, 8,9 and 10 

at Edinburgh. In No. 8, I.C. records the changes in central intensity of the flare Ha line (AB of 

Fig. 1), expressed as a percentage of the continuous spectrum. The broken lines are the sudden 

enhancements of atmospherics (S.E.A.s) recorded at Edinburgh. The right hand ordinates give 
the magnitudes of the 8.E.A.s in arbitrary units of milliamperes. 
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This gives for («N), 1-2 x 10-3 sec"! at the time of maximum of an average flare. 
There is another phenomenon which may be attributed to the same “‘sluggishness’’ 
in the response of the ionosphere to changes in the ionising radiation. This is the 
delay of about 30 minutes in the maximum of absorption which follows local noon. 
When we substitute this value for At in (1) we obtain for (aN), 2-8 x 10-4 sec™!. 
This means that if both phenomena refer to approximately the same ionospheric 
level, for which we may take x to be constant, the electron density N during the 
flare reaches a value about 5 times the normal. 


5. RATE OF ONSET FOR FLARES AND S.E.A.S 


It is of interest to determine what is the’greatest rate of onset for both flares and 
S.E.A.s. We have already seen that, in all cases where a detailed comparison 
can be made, the rate of flare rise exceeds that of the S.E.A. Now the S8.E.A. 
records are about ten times more numerous than the flare development curves. 
Consequently, a selection has been made of the five most rapid S.E.A.s out of a 
recorded total of some 250. The early stages of these are shown in Fig. 5 (11-15). 
The recorded rate of development of an S.E.A. is naturally limited by the time- 
constant of the receiver. Experiments were, therefore, made to determine the 
response of the receiver plus recording milliammeter to an artificial S.E.A. which 





























Fig. 5. S.E.A.s with unusually rapid onset. No. 11, 1950 February 20; 12, 1950 November 28; 
13, 1951 January 22; 14, 1951 March 1; 15, 1951 May 14. The dashed lines AB represent the 


wn; 


response of the receiver to a signal of comparable strength which was instantaneously switched on. 


was instantaneously switched on. This was done by feeding into the receiver 
aerial, from a local 27 Ke/s oscillator, an additional signal which was adjusted 
so as to be comparable in strength to an average atmospherics enhancement. The 
signal was maintained until the milliammeter at the output end reached its 
maximum deflection. In Fig. 5 the rate of response of the recorder to this “‘instan- 
taneous 8.E.A.” is given by the dashed lines AB. 

Naturally, none of the observed 8.E.A.s can exceed this rate of onset, but it is 
clear from Fig. 5 that in these specially selected cases the rise to about 60 per cent 
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of maximum is achieved at a rate which is little inferior to that which corresponds 
to an instantaneous “‘switch-on.”” From the 60 per cent level to maximum there is 
a marked slowing down, as is also noticeable in most of the records in Fig. 4. 
We may conclude, therefore, that these fast S.E.A.s must have been generated by 
‘exceptionally rapid ionisation and that the flashes of flare ultraviolet light respon- 
sible for them were of virtually instantaneous onset. Observations in Ha light 
have suggested that such ultra-rapid flares are occasionally met with, but their 
progress to maximum, occurring in a time which must be considerably less than 
1 minute, is too rapid to be followed by the present means of measurement. 


6. PERCENTAGE ASSOCIATION OF S.E.A.s AND FLARES 


Since 8.E.A. recorders are being increasingly used as flare indicators to supplement 
direct observation, it is important to know what proportion of flares of Classes 1, 
2 and 3 give rise to S.E.A.s. Diurnal and seasonal changes in the ionisation of the 
D region, as well as changes in the geographical location of the main thunder- 
storm centres, may be expected to affect the percentage association between the 
two phenomena. 

For a statistical analysis 413 flares were chosen during the four years for which 
simultaneous records of S.E.A.s were available. These flares were observed between 
the hours of Edinburgh sunrise and sunset, and at times when the atmospherics 
record was sufficiently steady to suggest that an S.E.A. could have been detected 
had it occurred. The flare times and classifications were taken from the Quarterly 
Bulletin on Solar Activity ([.A.U.) and they relate to observations made at about 
a dozen co-operating observatories. Where the same flare was fully observed at 
two or more stations and the classifications differed the lower rating was accepted. 
The flares were then sub-divided according to time of onset into the intervals: 
Sunrise—0900; 0900-1200; 1200-1500 and 1500-Sunset. These times were 
expressed in U.T.; since Edinburgh is in longitude 13™ west, it was considered 
unnecessary to convert the flare observations to local time. In Table 1, which 
summarises the results of the analysis, the symbol @ denotes the occurrence of a 
flare which was accompanied by an 8.E.A. and the symbol © a flare which was 
not accompanied by an S.E.A. The percentage association, that is to say the 
fraction flares with S.H.A.s divided by total number of flares [@/(O + @)], is 
given separately for each flare class and for each time interval. 

It can be seen that for Class 1 flares (those of small area and low intensity) 
the fraction associated with S.E.A.s rises steadily throughout the day, from 0-22 
in the early morning hours to 0-68 in the late afternoon. Disregarding the time of 
occurrence, 42 per cent of all Class 1 flares produce S.E.A.s. For Class 2 flares 
occurring after 0900, 88 per cent give rise to S.E.A.s; before 0900 the association 
is 62 per cent. Out of a total of 12 Class 3 flares (those of large area and high 
intensity) one only failed to generate an 8.E.A. and this again occurred in the early 
morning at 0642. 

The material was next divided up between the 6 summer months (March 22- 
September 21) and the 6 winter months (September 22—March 21), in order to 
ascertain if any seasonal change occurred in the percentages. Tables similar 
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to Table 1 were drawn up for both periods. These show that the percentage 
association is appreciably higher in winter than in summer. For example, between 
0900 and sunset 57 per cent of Class 1 flares in winter had associated 8.E.A.s, as 
compared with 49 per cent for the same hours in summer. In winter all Class 2 
and Class 3 flares occurring after 0900 gave S.E.A.s. The comparisons earlier than 
0900 are inconclusive owing to the small number of early morning flares observed 


from European stations in winter. 
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The symbol @ denotes a flare which was accompanied by an S8.E.A.; 
The symbol © denotes a flare which was not accompanied by an S8.E.A. 


The totals are: © + O = 413; ® = 207; O = 206. 


The converse problem was next considered. Are there any examples of 8.E.A.s 
which have occurred at times when the sun was under observation in H« light but 
no flare was observed? To investigate this question each typical S.E.A. has been 
studied in relation to the observing times reported in the Quarterly Bulletin. 
Seven such cases have been found; and each has been examined in detail.* All 
seven occurred at times when a highly flare-active spot group was present on the 
solar disk. Three of these S.E.A.s were associated both with crochet disturbances, 
as reported by various magnetic stations in the sunlit hemisphere, and with short- 
wave radio fadeouts, as recorded by Cable and Wireless Limited. Of the remainder, 
one was associated with a crochet and one with a fadeout, leaving only two which 
were uncorroborated by other ionospheric records. 

Now, there are no well authenticated cases of magnetic crochets, or of Dellinger- 
type fadeouts, having been recorded in the absence of a bright visible flare on the 
solar disk. Consequently, it would appear most probable that, for at least five of 
these seven S.E.A.s, either the observing times were reported incorrectly and the 
sun was not under observation, or that for some other reason the flares were 
missed. Thus, it may be said that there is at present no substantial evidence for 
the occurrence of an 8.E.A. in the absence of a visible solar flare. 


* The dates and times U.T. are as follows: 1950 April 7 (1453), crochet associated; April 9 (0700), 
crochet and fadeout associated; April 26 (1052), crochet and fadeout associated; April 27 (0934), 
fadeout associated: April 27 (1354); June 15 (1733), crochet and fadeout associated; 1951 June 23 


(1724). 
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7. RELATION BETWEEN MAGNITUDE OF S.E.A. AND FLARE CLASS 


The circumstances discussed in the last section would be sufficient in themselves 
to suggest that no simple proportionality can exist between the magnitude of an 
S.E.A. and the importance classification of the flare which generates it. Quite 
apart from the variations in sensitivity of the S.E.A. response at different hours 
and in different seasons, we do not yet know whether the ultraviolet light energy 
emitted by a flare is simply related to that of the Ha line. 

Nevertheless, it has seemed worth while to estimate the magnitudes of the 
recorded S.E.A.s and to compare them with the importances (Classes 1, 2 and 3), 
of the corresponding flares. The magnitude of each S.E.A. has been expressed 
as a percentage by determining the ratio of the 8.E.A. rise in signal strength to 
the mean value of the signal strength before and after the S.E.A. The mean 
values of these magnitudes and the dispersions about the mean values are given 
in the following table for each flare class. 





Mean magnitude of Greatest and least 
S.E.A. values 


% % 














The figures in Column 2 indicate quite clearly that, on the average, the radia- 
tion which disturbs the ionosphere increases with flare intensity. To this extent 
the analysis of the S.E.A.s is in general agreement with the results obtained by 
workers who have examined other types of sudden ionospheric disturbance. 
Mention may be made of NewrTon and BartTon’s paper (1937), in which it was 
shown that the percentage association of radio fadings increased with flare intensity. 
Likewise, BRACEWELL and STRAKER (1949), in their studies of sudden phase 
anomalies, found that larger anomalies were associated with Class 3 flares than 
with those of lesser intensity. 

On the other hand, the wide dispersion of the S.E.A. magnitudes about the 
mean values, given in Col. 3, indicates that one cannot infer from the size of an 
individual S.E.A. any very useful estimate of the intensity of the flare which 


caused it. 


8. INTERPRETATION AND CONCLUSIONS 


The explanation of these facts is by no means clear in the present state of our 
knowledge of the generation and propagation of long-wave atmospherics. There 
is no reason to suspect that any systematic difference exists in the estimation of 
flare classification at different hours of the day or in different seasons. More 
probably the cause lies in the real variations of signal strength received from the 
sources of transmission, these variations being inherent partly in the sources 
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themselves and partly in the ionosphere. The diurnal changes of signal strength 
are illustrated in Fig. 2, which is a typical 24-hour equinoctial record of atmos- 
pherics on a frequency of 27 Kc/s. The night-time level is high and fluctuating, 
the day level is low and steady; the main difference here is presumably caused by 
absence of ionospheric absorption at night. At about the time of ionospheric 
sunrise there is a sharp fall and the signals reach their lowest level 2-3 hours later. 
It is just in this period, as we have seen, that the percentage association of S.E.A.s 
with flares is least. However, the reduction in signal strength cannot be the sole 
cause of the reduced sensitivity, otherwise we should expect a similar trend before 
sunset. Clearly some additional factor is at work. The subsequent rise to a secon- 
dary maximum in the afternoon is believed to be due to a real increase in the 
number of tropical thunderstorms occurring at that hour. It will also be noted 
that the minimum near sunset and the rise which follows it up to the night level 
are neither so marked as the complementary features near sunrise. 

The general level of daytime atmospherics in summer is greater than in winter 
by a factor of 2 or more; and this is compensated for by occasional alterations to 
the gain of the receiver. Here, no doubt, we have to deal with a simple effect of 
distance. The main transmitting centres, which are located in the tropical thunder- 
storm belts, may be expected to drift seasonally north and south as they follow 
the regions of greatest solar heating. Moreover, when the centres of transmission 
are furthest from us, as in winter, the received signal will have undergone, on the 
average, a larger number of ionospheric reflections than in summer. Consequently, 
any small increase in the reflection coefficient of D, such as is experienced during 
an S.E.A., may be expected to produce a relatively larger enhancement of the 
received signal in winter time. This seems to be the most probable cause of the 
higher percentage association in winter between minor flares and S.E.A.s, as 
referred to in Section 6. 

The possibility has been considered whether some of these diurnal and seasonal 
variations of sensitivity might not be attributable to the polar diagram of the 
receiving aerial. This is an inverted L-antenna, 50 feet above ground level and 
oriented approximately NNE-SSW. At wavelengths of about 11,000 metres 
it seemed unlikely that such an effect could be appreciable. This conclusion was 
confirmed by the close correspondence found at all seasons between the daily 
patterns of integrated intensity of atmospherics on 27 Kc/s obtained here and those 
recorded by F. F. GARDNER (1950) and P. W. A. Bowe (1953) at the Cavendish 
Laboratory, Cambridge. The latter used a vertical wire as aerial. 

Flare detection is a matter of increasing importance to solar and ionospheric 
workers. We may summarise this aspect of the paper by saying that the S.E.A. 
method is of sufficient sensitivity to detect virtually all Class 2 and Class 3 flares 
which occur between 0900 and sunset. This means that, given a number of 8.E.A. 
recorders well distributed in longitude, no major flare should pass undetected for 
lack of direct observations. It would therefore be valuable to arrange for the 
operation of 27 Ke/s recorders, say in America and Japan, in time for the Inter- 
national Geophysical Year of 1957. 

The 8.E.A. also enables us to fix within narrow limits the times of beginning 
and maximum of a flare. On the other hand, because of the many variable links, 


238 





The Ha radiation from solar flares in relation to sudden enhancements of atmospherics 


already referred to, in the chain of events connecting flare and milliammeter 
record, the method does not enable one to distinguish with any useful degree of 
certainty between flares of the three different classes. 
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ABSTRACT 

Tables are presented from which it is possible to construct the theoretical (h’, f) curves for a ‘“‘parabolic”’ 
layer (both for reflection from and for penetration through the layer) and also for a “linear” layer 
anywhere in the world, except at very high latitudes. The effect of the earth’s magnetic field, but not 
that of electronic collisions, is included. Methods of deducing the electron density in the ionosphere have 
until now been based on calculations in which the effect of the earth’s magnetic field is neglected. 


Necessary modifications to two of these methods are described. 


INTRODUCTION 


One of the most important problems in ionospheric research is the determination 
of the distribution of electron density as a function of height. This distribution 
may be deduced from observations of the apparent height. h’, as a function of 
frequency, f, for waves vertically incident on the ionosphere. So far, the methods 
used for performing this deduction may be divided into two broad classes. The 
more accurate of the two kinds of method depends on the solution of an integral 
equation (APPLETON, 1930; DE Groot, 1930; RypBEcK, 1940, 1942). But, 
since this kind of method generally involves some computation, another kind of 
method, which may be called a “comparison method,” is often preferred. A 
recent presentation of a “comparison method” is given by RATCLIFFE (1951). 
In this method a simple mathematical form is assumed for the distribution 
of electrons, and the (h’, f) curve which would result is calculated. By comparing 
the observed (h’, f) curve with the calculated, it is then possible to decide whether 
the actual distribution approximates to that assumed, and, if it does, it is an easy 
matter to determine the fundamental parameters which characterize the distri- 
bution. The methods of BookER and SEATON (1940) and APPLETON and BENYON 
(1940) are similar to RATCLIFFE’S method in their basic ideas. 

All the methods, while they are adequate for showing the major changes in 
the vertical distribution of electrons, cannot in general give the true distribution 
(even approximately), because in the theory behind the methods the effect of the 
earth’s magnetic field is neglected. When taking into account the effect of this 
field a clear distinction must be drawn between the ordinary and the extraordinary 
rays. Here we will deal only with the ordinary ray. Both the integral equation 
method and the comparison method are valid for this ray only when the angle of 
dip of the earth’s magnetic field is very small, i.e. at low magnetic latitudes. 
Application of either method at medium and high latitudes leads to considerable 
errors, as shown by SHINN and WHALE (1952). It is the purpose of this paper to 
present information which will enable the analysis of the ordinary reflection by 
RATCLIFFE’S method to be carried out at any latitude (except very near the mag- 
netic poles). The results presented here may be applied also to the methods of 
BookrER and SEATON (1940) and APPLETON and BrEyNon (1940). It is hoped to 
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publish soon an account of the modifications necessary to the integral equation 
method in order to take into account approximately the effect of the earth’s 
magnetic field on the ordinary ray; this has already been done for the extra- 
ordinary ray (at medium and high latitudes) by RypsBEck (1940). 

In this paper the theoretical (h’, f) curves will be presented for a ‘“‘parabolic’’ 
distribution and for a “‘linear”’ distribution of electron density with height. The 
method of calculating these curves is the same as that used by SHinn and WHALE 
(5). Indeed, the results presented here are, mainly, just an extension of SHINN 
and WHALE’s results. The notation used is the same as theirs, namely: 

= Ne?/wmf? 
’ = number of electrons per cc 
= charge of an electron in e.s.u. 
= mass of an electron in grams 
= earth’s magnetic field in oersted 
= gyromagnetic frequency = He/(27mc) 
= velocity of light in free space 
Sulf 
angle of dip of earth’s magnetic field 
“group refractive index” 
velocity of light in free space 


~~ vertical component of group velocity of wave 


1. THe (h’,f) CuRVE FOR REFLECTION FROM A PARABOLIC LAYER 

In this section results will be presented from which it is possible to draw the 
theoretical (h’. f) curve for reflection of the ordinary ray from a parabolic layer 
with any critical frequency anywhere in the world (except at very high latitudes). 
The layer is defined by 
1 — NIN, = (1 — 2/2)? (1) 
where z = height above lower boundary of layer 

z) = height of maximum electron density above lower boundary of layer 

N, = maximum electron density 
The effective height, h’, is given by 


Wf) = [ow de +h 


where h, = height of lower boundary of layer 
z, = height of point of reflection of frequency f above lower boundary 


of layer 
From equation (1) 


and 


OF i 


adz= t25(1 ne) xf?/f.?) f2 
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where f, = critical frequency of layer = V N,e2/xm 


f*x, [ . ut dt 
Hence h'(f) =h += a 2 
NaN + Fe). Vil — afi ” 
where ¢ = 4/(1 — 2) 
In the absence of a magnetic field, u’ = 1/t; the integration can be performed 
easily, and leads to 


where P 4 (7) = oF. log 4 = 


This equation was first given by APPLETON (1937), who also showed that the 
parameter z, of the parabola which is the best approximation to a simple Chapman 
layer is equal to twice the scale height of the atmosphere. Equation (3) is the 
basis of the ‘“comparison methods” so far used (e.g. RATCLIFFE (1951), BooKER 
and SEATON (1941), APPLETON and Brnyon (1940)) for deducing the height of 
maximum ionization and the thickness of the parabolic layer from observed 
(h’, f) records. Such deductions are more or less in error (SHINN and WHALE 
(1952)), because in the theory behind equation (3) the effect of the earth’s magnetic 
field is neglected. 

In the presence of this field yu’ depends also on the strength and direction of 
the field. Equation (2) therefore becomes 


h'(f) = ho + 2(X + FY) (4) 





where Y = Y(f, fe. fu; P) 


PP I. pit dt 


| iy 0 Vv (1 er af?/f.”) 

Y is expressed here as a function of four variables. It may be shown that Y is 
dependent only on the ratios f/f, and f,/f,, not on the actual values of f, f;,, and f.. 
It may therefore be written Y(f/f., fa/f.. 9): 

Y is equal to zero when f/f, is zero, when f;,/f, is zero, or when ¢ is zero. In order 
to find h’(f) for all values of f/f., fx/f., and gy, it is necessary to compute Y for a 
range of values of these parameters. Since the expression for yu’ is very compli- 
cated, it is quite impossible to perform the integration analytically; it was there- 
fore done numerically, using the EDSAC electronic computer in the University 
Mathematical Laboratory, Cambridge; the complete computations took about 
ten hours machine time. 
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The results of some computations of this sort are presented by SHINN and 
WHALE (1952). It was estimated from these results that it would facilitate 
interpolation if Y were expressed as a function of X, k, and s, where 


6 4f H 


i 6-4 + fi 


=6-4(, i) 
= “oa 


and 


Y was computed for X = 0-6(0-6)3-0, s = 1-05(0-05)1-3, and k = 0-3(0-1)0-8. 
The results of these computations are presented in Table 1. These are accurate to 
0-2 per cent or better. The improvement in accuracy over SHINN and WHALE’S 
results is due to more ordinates being used for the integration in the range 
0<t< }. The practical use of Table 1 will be described later. 


Notes added in proof. (i) There is an error in Tables 2 and 3 of SHrnn and WHALE (1952). The 


: eh h h’ — hy. : 
quantity tabulated there is not 10° —> 2, as stated, but 104 3 *. This error does not affect any 
0 0 


of the rest of their paper. 
(ii) E. ARGENCE and M. Mayor (J. Geophys. Res., 58, 1953, 147) introduce a useful and interesting 


: us ; : ’ h’ —h R 
approximation for uw. Using this approximation they compute — ° as a function of f, for the location 


~0 
of Fribourg, and a parabolic layer with f, = 3-95 Mc/s. Their results are in good agreement with those 
of Suinn and WHALE. 


2. Tue (h’, f) CURVE FOR PENETRATION THROUGH A PARABOLIC LAYER 


If a pulse of frequency f(> f,) penetrates the layer and is reflected from another 
higher layer, then the equivalent height of reflection is increased on account of 
group retardation in the lower layer. For the full application of RaTcLiFFe’s 
method it is necessary to know the group retardation in a portion of the layer. 
Results are presented here for the group retardation in half a layer, i.e. as far as 
the maximum. Numerical information from which the retardation in less than 
half a layer may be calculated is available from the author. 

Following RaTCLIFFE’s notation, the group retardation in half a layer is 
denoted by Ah’. 


Thus 


Use of the expression for dz deduced in the previous section, together with the 
substitution x = (1 — v*)f,?/f?, yields 


1 


Ah'(f) = % | (u’ — 1) dv (5) 


0 
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In the absence of a magnetic field uw’ = (1 — x)-#; the integration can be per- 
formed easily, and leads to 
’ 1. c 
awit) nl oath — 1 
f IE 
= 2) {— tanh“?— — 1 
on 


This equation also was first given by APPLETON (1937). 


h’ — 3 
Table 1. The quantity tabulated is 103 (———2 ie x) —~ 103Y 
29 





49-2° 59-2° 67-1° 73-7° 79-4° 








For X = 0-6 


(7 * 0-697 ) 


c 





For X = 1-2 
7 = 0878) 
— = 0-878 

(j 


c 





For X = 1:8 


(7 a 0.955 ) 


c 








For X = 3-0 


(7 = 0-995 ) 
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Table 2. The quantity tabulated is ( Z — = ) 103 
29 





1-1 1-15 : 1-25 








For Z = 0:3 
. 1-330 ) 





— 06 
. 1-123 ) 














—124 
— 163 





—78 
—129 
—175 
—214 
— 249 


























In the presence of a magnetic field u’ depends also on the strength and direction 
of the field. It is convenient to express Ah’( f )/z, as a function of k, s, and Z, 
where Z = (f/f.) tanh (f,/f) — 1, and k and s are as defined in the previous 
section. Ah'(f)/z) was computed for Z = 0-3(0-3)1-5, s = 1-05(0-05)1-3, and 
k = 0-4(0-1)0-8. The results of these computations are presented in Table 2. 
The practical use of Table 2 will be described in the next section. 


3. UsE oF THE TABLES IN CONSTRUCTING TEST SCALES 
(RATCLIFFE’S METHOD) 


In the method of analysis used by RATCLIFFE, various theoretical (h’, f) curves 
are reproduced on a transparent material. These are laid over the observed 
curve, and the best fitting curve is chosen. RATCLIFFE used curves based on 
theory in which the effect of the earth’s magnetic field is neglected. From the 
information in Tables 1 and 2 it is possible to draw similar curves with the effect 
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of the earth’s magnetic field taken into account. Use of these curves will, of course, 
yield a more accurate method of analysis. 

The shape of the (h’, f) curve depends on the angle of dip and on the strength 
of the earth’s magnetic field. These elements are presented in Table 3 for several 
magnetic observatories. This data was obtained from a comprehensive survey of 
geomagnetic information given by JOHNSTON (1951), together with the assumption 
that the field varies with height as (R + h)-%, where R is the radius of the earth, 
taken to be 6370 Km. 


Table 3 (mean values estimated for 1953) 





a aes Be fu (in Me/s) fu (in Me/s) 
Observatory ‘ - at 120 Km at 300 Km 








Amberley, New Zealand 








Watheroo, Australia 





Hermanus, 8S. Africa 





Abinger, England 





Eskdalemuir, Scotland 








Cheltenham, Maryland, U.S.A. 


Lerwick, Shetland Islands 1-201 





Agincourt, Ontario, Canada 1-426 














For Abinger sec y/2 may be taken to be 1-20. Table 4 shows values of h’ for 
Abinger deduced from Table 1, while Table 5 shows values of Ah’ for Abinger 
deduced from Table 2. These values are used to plot the curves shown in Fig. 1. 
These curves are similar to those used by RATCLIFFE in his analysis; further 
curves for other thicknesses of layer can easily be constructed if required. The 
value of f,, at a height of 300 km has been used. Strictly speaking, the correct 
value to take, according to SHrinn and WHALE (1952), is that at a height of 
h, + 0-65z,. Errors due to taking the wrong height or the wrong critical frequency 
will be discussed later. 

In order to construct Tables 4 and 5 it was necessary to interpolate for X and k 
in the columns of Tables 1 and 2 headed sec g/2 = 1-2. For another location it 
may be necessary to interpolate also for sec g/2. For example, at Cheltenham, 
Maryland, sec g/2 = 1-230. The results of interpolating for sec g/2 in Table 1 
are shown in Table 6. Further interpolation in Table 6 would be necessary in 
order to produce a table like Table 4, from which test scales can be constructed. 
The information in Tables | and 2 may be used in a similar way for the construction 
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of test scales for any location in the world (at magnetic latitudes up to about 70°, 
or angles of dip up to about 80°), provided only that the magnetic elements 


are known. 




















+100 km k- 











EQUIVALENT HEIGHT J’ 












































Mc/s 


Fig. 1. The theoretical (h’, f) curves for parabolic layers with critical frequencies 3-15, 3-96, 4-90, 
6-02, 7:35, 8-99, 11-03, and 13-66 Mc/s, above S.E. England. The curves are for semi-thicknesses 
of layer of 50, 100, and 150 Km. The curves for penetration are for a semi-thickness of 50 Km only. 


Table 4. The quantity tabulated is 10°(h’ — hg)/zg = 10°(X + Y), 
when sec (p/2) = 1-20 





0-45 0-5 








329 347 353 358 
655 y 693 705 718 
986 1047 1066 1088 
1329 1418 1446 1478 
1691 1815 1854 1897 
2080 2247 2298 2354 
2507 2725 2790 2860 
2977 3250 3329 3414 
3498 3827 3919 4017 
4077 4459 4562 4670 
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Table 5. The quantity tabulated is 10° Ah'/z, when sec (y/2) = 1-20 





fe 3! 6-02 4-90 3-96 3-15 





1-689 120 
1-330 : 224 
1-193 316 
1-123 402 
1-082 484 
1-056 573 
1-040 é 677 
1-028 811 
1-020 990 
1-015 1226 




















Table 6. 





0-6 























4. DISCUSSION OF THE RESULTS FOR A PARABOLIC LAYER 


In Figs. 2a and 2b h’ and Ah’ are plotted against f/f, for an angle of dip 67-1° 
(i.e. sec y/2 = 1-2), and various values of f;,/f,. fy, is taken to be 1-149 Mc/s. 
For values of f/f, less than unity, h’ exceeds XZ, i.e. the net effect of the magnetic 
field is to cause a delay. For values of f/f, greater than unity, Ah’ is sometimes 
greater than and sometimes less than Zz,; the effect of the magnetic field is thus 
sometimes to increase and sometimes to decrease the group retardation of a 
wave which penetrates through a parabolic layer. 

This effect can readily be explained by reference to Fig. 15 of SHINN and 
Wua.e. This figure shows that, when f,?/f? is less than about 0-92, the effect of 
the magnetic field is to decrease the group refractive index at all heights in the 
layer; therefore, for frequencies greater than about 1-04f,, the retardation in 
the layer is less than it would be in the absence of a magnetic field. For larger 
values of f,2/f?, the group refractive index for small electron densities is less than 
its value in the absence of a magnetic field, but for the large electron densities 
near the maximum of the layer it is greater than its value in the absence of a 
magnetic field. As f,/f approaches unity, this causes sufficient retardation to make 
the total retardation greater than that in the absence of a magnetic field. This 
effect is more marked for low critical frequencies than for high critical frequencies. 
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The curves shown in Fig. 2a are similar in shape to those often observed in 
practice (e.g. Fig. 4b of SHinn and WHALE). 





30 




















xX+Y 





fo = 3-15 Mc/s. 





(h'-ho)/2o 





























Fig. 2a. Normalized theoretical (h’, f) curves for a parabolic layer above S.E. England. 
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oe | 
fo= 315 Mc/s 
A | 
T T 
f.=7-35 Mc/s. 








(h'-hy)/29 =X+Y 























Fig. 2b. An enlarged version of part of Fig. 2a. 


5. Accuracy OF THE METHOD oF ANALYSIS FOR A PARABOLIC LAYER 


Four fundamental assumptions have been made: 
(i) the ionosphere is horizontally stratified, 
(ii) the distribution of electron density is “‘parabolic,”’ 
(iii) the ray theory of propagation is valid, 
(iv) the effect of electronic collisions may be neglected. 
Let us now examine the status of these assumptions. 
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The first assumption conflicts with the well-known fact that the ionosphere has 
considerable irregularities in the horizontal plane. However, these irregularities 
generally have very little influence on the time delay of the reflected signal; under 
such circumstances the distribution of electron density deduced from measure- 
ments of time delay must be regarded as the mean density of electrons at a par- 
ticular height. Occasionally the irregularities may be so large as to cause the 
signal to be reflected at a height considerably lower than that for which the mean 
electron density is sufficient to reflect the wave; for reflections of this sort (i.e. 
from “‘clouds”’ of ionization, usually in the H Region), the analysis is not applicable. 

The second assumption is often nearly true in practice, at least over a limited 
region in the ionosphere. The third assumption is adequate. But the fourth 
assumption may not hold for the H Region. These last two assumptions are dealt 
with in detail by RypBEcK (1944). 

There still remains the question of the intervals of s and f, to be used in the 
construction of test scales. A suitable criterion for this is the allowable error in the 
computed value of h’(f). If the true critical frequency is f,, and the critical fre- 
quency of the theoretical curve with which it is compared is f, + df,, it may be 
shown that the error in f/f, is given by d(f/f.) = (1 —f/f.)éf./f., provided that a 
linear scale of frequency is used. Hence, allowing for all possible errors, it follows 
from equation (4) that 


“064 EOP 


sh a ak oY 
“+ Ok NAF. G+ 7, Of) + Fs ds 


~ 


“0 


n 
N ] —-}) =——~ — -1 
ow | eo + (1 — n) tanh- n, 


where n = f/f, 


(It may be shown that 0-5 < p 
0-35 < f/f, << 1-0.) 


ak _ 
of. 


oh'(f ) | oY , oY 
Hence “i P(f lf.) (1 a Fy ) — k(1 —k) 3k 


Y6 d 
aY fy , aY ,. 


—k(1 — k) and fy 7 <a —e 
H 


Also t. 


+ k(1 — k) (7) 


In order to estimate the error in a particular case in S.E. England, we must 
refer to Table 4. Let us consider a critical frequency in the region of 7-4 Mc/s, 


250 





The analysis of ionospheric records (ordinary ray) Part I 


and f/f, = 0-974, ie. k=0-5 and X =2-1. At this point dY/0X = 0-54, 
0Y/ok = 1-0, 0Y/ds = 1-6, and p(f/f.) 0-55. It follows that 


oh'( f ) = x [0-60 of,/f, + 0-256 fiylfy + 1-668] 
f 


When — = 0-925, si (f) 
c 0 


oh’ 
When 7 = 0-991, MP) = 0-580f./f. + 0-406fin/fy + 3-86s 


c “0 


= 0-656f,/ c a 0-126f lf + 0-668 


Furthermore, if f;; is chosen to be the gyrofrequency at a height of 300 Km, 
then of,/f14, = —6h,/2200, where h, = hy + 0.652), measured in kilometres, and 6h, 
=h, — 300. The largest numerical value of h, likely to be encountered is — 180. 

It appears from these figures that the error introduced in h’ by the use of Fig. 1 
for the analysis of curves in England is less ‘than 0-07z, for a critical frequency 
in the region of 7-4 Mc/s. The error is less for greater critical frequencies, and more 
for smaller critical frequencies. A similar analysis shows that for a critical fre- 
quency in the region of 3 Mc/s the error is less than 0-10z). If the error in the 
theoretical value of h’ is more than can be tolerated, it is easy to reduce it, by 
reducing 6f, (i.e. by plotting curves as in Fig. 1 for a closer spacing of values of f,), 
Of, (i.e. by constructing a series of curves as in Fig. 1 for two or three values of 
fiz), or 68 (i.e. by computing a table like Table 4 for s = 1-197), as required. An 
alternative criterion for the allowable error is the error in f. This is given by 


ae 2 
z pl + aY/aX) 


6. MoDIFICATIONS TO APPLETON AND BEYNON’S METHOD FOR A 
PARABOLIC LAYER 


In this method the observed value of h’ is plotted against X(f/f,). It is evident 
from equation (3) that in the absence of a magnetic field the theoretical (h’, X) 
curve is a straight line, and that the slope of this line and its intercept on the h’ 
axis yield the values of z, and h, respectively. It is also clear from equation (4) 
that in the presence of the field the theoretical (h’, X + Y) curve is a straight line, 
and that its slope and intercept yield the values of z) and hy. Therefore the observed 
values of h’ should be plotted not against X but against X + Y. The value of 
X + Y depends on f,, y, and f/f,; it is tabulated for Abinger in Table 4. An 
application of this method to some observed (h’, f) curves is given by SHINN 
and WHALE (1952). 
The error in h’ due to choosing the wrong value of f,, s. or fy, is given by 


oY 
ofr] +. > Os 


cL 


25] 


of. 


2 


wi k) =, 
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For the same conditions as in the previous section, and for f/f, = 0-974, 
dh’ = 2[0-256fz/fy — 9-250f,/f, + 1-668] 


If the values in Table 4 are used, the maximum error in h’ when f/f, = 0-974 is 
about 0-05z). The error may be easily reduced by using a more nearly correct 
value of f,,. and interpolating for k in Table 4; for extreme accuracy it may be 
necessary to interpolate also for s in Table 1. 


7. (h’, f) Curves FoR REFLECTION FROM A LINEAR LAYER 


The layer is defined by 
Ne*/am = f,* = az 


where « is a constant. It may be shown that 


2f? 1 
h(f) —hy = — [ yt dt (8) 


a 


z, ho, and ¢ are defined in section 1. It is convenient to use the quantity H’(f), 
defined by 


rp py _. (UF) — Roda 

tf- ae 
Thus H’(f) is the ratio between (h’( f ) — hp) in the presence of the magnetic field 
and (h'(f) — ho) in the absence of a magnetic field. It follows from equation (8) 


that 
1 


H'(f) = [ p't dt 


0 


Now w’'t is a function of y and g. Therefore H'(f ) is a function of y and gy. In 
Fig. 3 H’'( f ) is plotted against g for various values of 1/y = f/f. The way to use 
this information in interpreting reflection from linear layers is obvious. It is 
noteworthy that, as for the parabolic layer, the magnetic field always causes a 
retardation of the ordinary ray. This is in accordance with the calculations of 
GouBav (1934) and PoEVERLEIN (1951). GoUBAU’s results are not presented 
sufficiently accurately for comparison. POEVERLEIN found that H’ is equal to 
1-112 and 1-136 for 1/y = 2-675 and m = 65° and 80° respectively. The corres- 
ponding values from Fig. 3 are about 1-114 and 1-141 respectively. The differences 
between these figures are probably due to errors in integration or interpolation; 
they are too small to be of practical significance. 

In Fig. 3 the curve for f = 0 is drawn. This curve is of no intrinsic interest, 
since the ray theory is not valid for very low frequencies, but it shows the limiting 
value given by the ray theory as y tends to infinity, and is thus useful for inter- 
polation. 


CONCLUSIONS 


Until now analysis of (h’, f) curves in order to deduce the distribution of electrons 
in the ionosphere has been based on theory in which the effect of the earth’s 
magnetic field is neglected. Information presented here enables the effect of the 
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field to be taken into account when using the method of RatcuiFFE (1951), which 
is based on that of Booker and SEATON (1940), or when using the method of 
APPLETON and BEYNON (1940). The integral equation method (APPLETON, 1930; 
DE GRooT, 1930; RypDBECK, 1940, 1942) can also be modified in order to take into 
account approximately the effect of the field; it is hoped to publish information 
about this modification soon. 
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Fig. 3. Curves for calculating the effective height of a linear layer. 
Hf) = (h’ — ho) in the presence of a magnetic field 
~ (h” — hg) in the absence of a magnetic field 





The analysis presented here applies to the ordinary ray. The theory neglecting 
the effect of the earth’s magnetic field is valid for this ray only very near the 
magnetic equator. The information presented here extends the theoretical 
results, for reflection of the ordinary ray from a parabolic layer or from a linear 
layer, up to magnetic latitudes of about 70° (angles of dip up to about 80°). For 
the extraordinary ray a method of analysis which is valid at high latitudes, greater 
than about 45°, has been used by RyDBECcK (1940). 

The results presented here show that the earth’s magnetic field always increases 
the group delay for the wave reflected from a linear layer or a parabolic layer. 
For a wave which penetrates a parabolic layer, the magnetic field increases the 
group delay for frequencies just greater than the critical frequency, but decreases 


253 





D. H. Suinn: The analysis of ionospheric records (ordinary ray) Part I 


the group delay for higher frequencies. This effect has been noticed on observed 


(h’, f) curves. 
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ABSTRACT 
The paper describes some new radio techniques for the measurement of upper atmosphere winds by 


means of drifting meteor trails. A continuously recording doppler-radar system operating on 27 mc is 
described and some typical records are analysed. An accompanying paper deals with the experimental 


results. 


INTRODUCTION 


MANNING, VILLARD and PETERSON (1950) have described a radio method of 
measuring upper atmosphere winds from the drift of meteor trails. The purpose 
of the present paper is to describe a continuously recording method for measuring 
winds by observing the drift of meteor trails. This paper is concerned with tech- 
niques, and the discussion of results is reserved for another paper. 

The first part of the paper deals with techniques for measuring the drift 
velocities and space co-ordinates of echoing centres of meteor trails. A simple 
method of measuring winds without regard to their height is also described. 

The second part of the paper is an account of the equipment in use at Adelaide. 
The equipment comprises a transmitter operating on a frequency of 27 me. located 
at Adelaide, and receivers and a recorder near Salisbury, 19-6 km north of Adelaide. 
The reception of a meteor echo at Salisbury starts the recorder which records the 
line of sight component of drift velocity of the point of reflection. its space co- 
ordinates and the time at which the echo occurs. The apparatus runs continuously 
for two or three weeks, in which time between 700 and 1,000 useful echoes are 
usually recorded. From an analysis of these it is possible to calculate the average 
diurnal behaviour of the wind at heights between 80 and 110 kilometres. During 
periods of great activity it is also possible to observe the wind almost continuously. 

The third section of the paper deals with the interpretation of the records, and 
the final section with calibration of the direction-finding equipment. 

Long enduring echoes of the type used by GREENHOW (1952) in his wind 
gradient measurements, showing severe fading, have not been used. Although 
many have been recorded, very few of these confused echoes can be resolved into 
two echoing centres using a doppler technique. 


1. ‘TECHNIQUES 
1.1 Driit velocity 
The line of sight component of drift velocity is found by beating the reflected 
signal with the direct signal and measuring the frequency of the resulting “‘doppler 


beat.” 
All recording is done by photographing cathode ray tubes on horizontally 
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moving bromide paper, the doppler signal being applied to the vertical plates 
of a cathode ray tube. A typical record is shown in Fig. 1. The cusped form of the 
record arises from the fact that the amplitude of the ground wave is adjusted to 
be approximately equal to that of an average echo. The record of Fig. 1 is pro- 
duced by a normal receiver, whose voltage output is proportional to the field 
strength of the electric field at the aerial, the resultant field being the vector sum 
of the fields of the reflected and direct waves. The amplitude of the ground wave 
is adjusted by choosing an appropriate height for the receiver aerial. The trans- 
mitted power is beamed upwards in a cone of radiation with a semi angle of 
approximately 40°, but there is enough direct signal to provide the required ground 
wave at Salisbury. The line of sight component v, of the drift velocity is 


A 
vp =f 5 metres/sec (1) 


where f = the doppler shift in cycles/sec. 
and A =the radiofrequency wavelength in metres. 
In our case, A = 11-2 metres, so that 
v, = 5-6. f metres/sec. 


1.2 Doppler sense determination 

It will be seen from Fig. 1 that with the doppler signal there are associated ‘‘spikes”’ 

whose purpose is to indicate whether the doppler shift is positive or negative. 

A positive shift denotes an approaching echo and a negative shift a receding echo. 
These sense spikes are derived as follows: 

Consider the vector sum of the ground wave and reflected wave, as shown in Fig. 

2a, where (, is the ground wave, S is the reflected wave and R, is their vector sum. 


Fig. 1. A typical doppler record. 


7 


Let S rotate in a positive sense relative to G,, so that S represents a signal with a 
positive doppler shift, i.e. an approaching echo. R, is growing in amplitude and 
approaching its maximum value. ! 

Next consider Fig. 2b. Here, the ground wave, G, has been retarded in phase 
by 90° relative to G,, and the resultant R, has passed its maximum amplitude and 
is shrinking. Thus R, leads R, in phase. 

Now let S, be a receding echo. Its sense of rotation is reversed and R, will 
have passed its maximum, whereas R, will be approaching its maximum value. 
Thus R, will lead R, in phase. 

In Fig. 1. the full line represents R,, and the peaks of the spikes represent R,. 
These spikes are produced by suddenly retarding the phase of the transmitted 
wave by 7/2. The phase retarded ground wave reaches Salisbury about half a 
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millisecond before the phase-retarded reflected wave, so that during this brief 
period the phase of the ground wave is retarded by 7/2 relative to its original 
value, but the phase of the reflected wave is unchanged, and the conditions of 
Fig. 2b prevail. Condition 2a is restored upon the arrival of the phase shifted 
echo, and the receiver output then returns to its original level. 

This sudden change in the phase of the transmitted signal occurs 50 times a 
second. After the sudden change, the phase drifts slowly back to its original 
value. The waveform of the phase modulation applied to the transmitter is shown 
in Fig. 3. Thus it will be seen that if the phase of the wave traced out by the tops 


{ 
[% SEC és 
TIME 





: BOLSEC 
Fig. 2. Vector diagrams for demonstrating p 
the method of sense determination. Fig. 3. The waveform of the phase modulation. 


of the spikes leads the main doppler trace, the echo is approaching, and if it lags 
the main doppler trace, the echo is receding. The spikes also give x sec. time 
markers, by means of which the doppler frequency can be measured. 

This technique is basically the same as that of MANNING, VILLARD and 
PETERSON (1950) who used two receivers rather than a phase modulated system. 


1.3 Range measurement 

Pulses are used to give the range of the echoes. The final amplifier valves of the 
transmitter are amplitude modulated with 10y sec. pulses at a repetition rate of 
100 pps. During the pulse, the output power of the transmitter is raised from 250 
watts to approximately 4 kilowatts. The ground pulse triggers a time base in the 
range display unit at Salisbury and the time base is applied to the vertical plates of 
a cathode ray tube, which is also intensity modulated with 20 kilometre range 
markers and with the output of the wide-band range receiver. The cathode ray 
tube is photographed on horizontally moving bromide paper, consequently the 
range markers and the echo appear as dotted horizontal lines. The distance, 


as measured in this way is clearly 
4(AP + PS — AS), 


where 
AP = distance from Adelaide to the reflection point 


PS = distance from reflection point to Salisbury 
AS = distance from Adelaide to Salisbury. 


The slant range from Salisbury can only be calculated with a knowledge of the 
direction of P. When the direction of arrival of the reflected wave is known, the 
calculation of the slant range is not difficult, and is given in § 1.6. 
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The range pulses do not influence the output of the doppler receiver. because of 
its limited bandwidth which is about 2ke. Although some interference was 
anticipated, in practice no interference whatever was experienced from the pulses. 
A bandwidth as large as 2 ke is necessary in order to preserve the sense spikes. 
The bandwidth of the range receiver is 100 ke. 


1.4 Direction of arrival 

The direction of arrival of the reflected wave is measured by a phase comparison 
method. The method differs from the well known method of Ross. BRAMLEY and 
ASHWELL (1951) in that the phases of doppler signals received at spaced aerials 
are compared, rather than the radio frequency phases of the downcoming waves. 


AERIAL 3 
4 


| 
| 
| 
A 
| 
| 
| sane. 
AERIAL | AERIAL 2 

._ ee 
G 


WAVE NORMAL,N 3 , 
{ AERIAL | AERIAL 2 Rp 2 
. 


» 


Fig. 4. Arrangement of the direction Fig. 5. Vector diagram for illustrating the operation 
finding aerials. of the direction finding equipment. 


Fortunately the radiofrequency phase relationships are preserved in the doppler 
beats so that no precautions are necessary to ensure equality of phase shift in the 
various receivers. Three identical dipole aerials are used, as shown in Fig. 4. Let 
N be the wave normal of the ground wave, which in practice is a plane wave. 

The electric field of the ground wave is therefore in phase at the three aerials, 
and, neglecting coupling.* the currents induced in the aerials by the ground wave, 
will also be in phase. 

Let the vectors in Fig. 5 be defined as follows: 


= the current induced in aerials 1 and 2 by the ground wave. 
= the current induced in aerial 1 by the reflected wave. 
= the current induced in aerial 2 by the reflected wave. 
= the phase angle between S, and S,. 
= the resultant current in aerial 1. 
R, = the resultant current in aerial 2. 


In general, the reflected wave is shifted in frequency because of the motion of 
the trail. Suppose the point of reflection to be approaching. Then S, and S, will 


* The effects of coupling have been calculated and found to be small enough to neglect in this experi- 
ment. The system has also been calibrated by means of an aeroplane and the calibration is given in § 4. 
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rotate in a counterclockwise direction relative to G. R, has passed its maximum 
value and R, is approaching its maximum value. The phase of the doppler signal 
received at aerial 1 will therefore lead the phase of the doppler signal received at 
aerial 2. Moreover, the maxima of the two doppler signals on the record will 
clearly be separated by the phase angle 0. The phase difference between 
the reflected signals incident at the two aerials is therefore the same as the phase 
difference between the corresponding doppler beats. for approaching echoes. The 
same reasoning applies to aerials | and 3. 


aw 


AERIAL | AERIAL 2 
a 


Fig. 6. Diagram showing the method of determining the direction of arrival, from the direction 
finding records. 





For receding echoes, S, and S, rotate in a clockwise sense and R, leads R, in 
phase. Thus for receding echoes, if S, leads S, in phase by an angle 6, R, will lag 
R, by the same angle 6. The phase difference between the reflected signals incident 
at the two aerials is therefore equal and opposite to the phase difference between 


the corresponding doppler beats for receding echoes. 
In Fig. 6. « is the angle between the direction of arrival of the reflected signal 


and the line joining aerials 1 and 2. The phase of the reflected wave incident at 
Me ' Aco 
aerial | leads that of the reflected wave incident at aerial 2 by an angle# = ; * Oe 


radians. 6 
’.. 0=2nrcosa or WORE Se (2) 
For an approaching trail 6 is the angle by which the phase of the doppler beat 
received at aerial 1 leads that received at aerial 2. 
For a receding echo @ is the angle by which the phase of the doppler beat 
received at aerial 1 lags that received at aerial 2. 
With a knowledge of doppler sense, as determined from the spikes, and the angle 
6, the space angle « is readily found. A second angle f£, the angle between the 
direction of arrival of the reflected wave and the line through aerials 1 and 3 is 


found in the same way, and 


, 


cos B = = (3) 


where 9’ is the phase difference in radians between the doppler signals received on 
aerials | and 3. 
1.5 Wind measurement 

Choose the set of axes shown in Fig. 7, where the origin is the centre of aerial 


1. the Z axis is a vertical line through the origin, the X axis is a line through 
aerial 2, and the Y axis is a line through the centre of aerial 3. 
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The direction cosines of the line OR which points in the direction of arrival 
of the echo are cos a,. cos 6, and V1 — cos? a, — cos?f,. Cos a, and cos pf, can be 
found directly from the relative phases of the doppler beats, with a knowledge of 
doppler sense. The azimuth of the point of reflection is given by 





_, cos Pp 
q OOP Py (4) 


¢, = tan 
COS a 








y! 
Fig. 7. The geometry of the direction finding system. 


where the X axis is the reference line and the azimuth of OY is +7/2. 
The zenith angle of the point of reflection is y,. where 


It has been shown by Mannine, VILLARD and PETERSON, and confirmed by us, 
that the winds at this level are substantially horizontal. This simplifies the problem 
of wind measurement considerably. If the wind is assumed to be horizontal, the 
occurrence of two meteors within a short interval of time and at approximately 
the same height provides enough information to define the wind vector completely 
at that height and time. 

The angles «, and #, (Fig. 7) can be found directly by phase comparison of the 
doppler beats received at the three aerials, with a knowledge of doppler sense. 
Thus the azimuth ¢, and zenith angle y, of the line OR can be found. Let a receding 
echo occur in the direction OR with a line of sight component of velocity v,. If 

v 


the wind vector V is horizontal, its component in direction ¢,is given by vu, = — _, 
sin y, 

Thus. a single meteor gives the component of wind velocity in the direction of 

its point of reflection. A second meteor will, in general, give the component of V 
in another direction ¢,. Two such components are shown in Fig. 8 and the hori- 


zontal wind with these components is clearly given by V. 
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Usually, meteor echoes do not occur close enough in time and height to follow 
the wind continuously in this way. Occasionally the echo rate is large enough for 
this method of analysis to be applicable, but the azimuth angles of many of the 
pairs do not differ sufficiently to give reasonable accuracy. This is likely to happen 
during showers, unless there are a number of radiants active at the same time. 


Y 








y’ 


Fig. 8. The method of finding the wind vector from two meteor echoes. 


The average diurnal behaviour of the wind at different times of the year is of 
great interest, and the average winds are found as follows. The apparatus is 
allowed to run for several weeks, and the results are grouped into 24 hourly 
intervals, each hourly interval containing information from all the days. For each 
hourly interval the components v, are grouped and the wind vector V which best 
fits this set of components is calculated and in this way all the recorded echoes are 
used. If the heights of the echoes are known, the information can be split into 
height groups, so that variations in the average diurnal winds with height can be 
studied. The method of obtaining the best fitting vector V is essentially that of 
MANNING. VILLARD and PETERSON (1950), as outlined in paper IT. 


1.6 Height determination 

The height of the point of reflection is found as follows. In Fig. 9, A is the trans- 
mitter, S the receiver and P is the reflection point. The angle # is found directly 
by phase comparison of the signals received on aerials | and 2. The distance 
measured on the range record is given by 


r = }(AP +r — AS). 
AS is small compared with r, so that AP = r + AS cos f. 
r’ = 3[2r — AS(1 — cos #)} 
or r =r + 4AS(1 — cos B) =r’ + 9-8(1 — cos #) kilometres 
where +’ is the trace range in kilometres. 
The height of the echo is given by h = r cos y kilometres. 
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1.7 Simplified method 


Analysis of a large number of records for the summer months indicates that the 
most important features of the wind system in the meteor region are independent 
of height (vide Paper II). If the measurement of- height is not required. the 
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Fig. 9. Diagram to show the method of determining height. 











apparatus can be greatly simplified, as the direction finding equipment then proves 
sufficient without sense or range determination. The equipment then reduces to a 
simple C.W. transmitter and a number of narrow band receivers with appropriately 
spaced aerials. 


























Fig. 10. Diagram illustrating the simplified method for wind determination. 


Consider the operation of the direction finding equipment without the aid of 
the sense spikes. It is then not possible to say whether an echo is receding or 
approaching. and an ambiguity arises in the direction finding records. 

Consider the simplified case in Fig. 10. 

Let an echo occur at any point P on the line OR whose azimuth lies along 
OX’ and assume the existence of a horizontal wind V.. With this arrangement, 
the echo will be approaching and therefore the phase of the doppler beat received 
at aerial | will lead that received at aerial 2 by an angle 0 = 27 cos a. However, 
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an echo occurring at any point P’ or OR’ whose azimuth lies along OX will be 
receding, so that the phase of the doppler beat at aerial 1 will again lead that 
received at aerial 2 by the same angle 6 = 27 cos. It is therefore impossible to 
distinguish between an approaching echo at P and a receding echo at P’ without 
a knowledge of doppler sense. 

Suppose the phase of the doppler beat received at aerial 1 leads that received 
at aerial 2 by an angle 0 = 27 cos «. Let the doppler beats received at aerials 1 
and 3 be in phase with one another, so that 6 = =. Without the sense spikes, we 
can only say that the reflection point is either (1) on the line OR and approaching 
or (2) on the line OR’ and receding. 

The line of sight component of velocity v, is known from the frequency of the 
doppler beat. In both cases, the horizontal component of V along the X axis will 


ee: -and will be in the direction +OX. 
sin y 
Thus, the wind information is not affected by this ambiguity in the direction 
finding equipment, and it is of no consequence in wind measurement whether the 
echo is an approaching echo in one direction or a receding echo in the reciprocal 
direction. The direction of the echo is, of course, important for height 


determination. 


1.8 Ambiguity in D.F. records 


Unfortunately. another ambiguity arises in the three aerial direction finding 
system. When the phase difference between a pair of doppler beats approaches 
7, it is not possible to say with any certainty which signal leads which, in phase. 
The doppler beats received at aerials 1 and 3 differ in phase by 7, when 27 cos « = 7, 
or « = 60°. One solution of this difficulty would be to beam the transmitted 
power into a narrower cone of radiation. Another solution is to use an additional 
pair of doppler aerials with smaller spacing. and this has been done. 

A diagram of the complete direction finding aerial system is shown in Fig. 11. 
The centres of aerials 4 and 5 are on a line parallel to the line joining aerials 2 and 
3. The ground wave at aerial 4. leads that at aerial 5 by 7 and not 27. Therefore 
echoes occurring on the plane S will produce out of phase doppler beats at aerials 
4 and 5. The doppler beats are applied to the vertical plates of a double beam 
oscilloscope in which an out of phase signal causes an in phase deflection. There- 
fore echoes occurring on the plane S produce in phase doppler beats on the records. 

Approaching echoes which occur on the side D, of S produce doppler signals 
at aerial 5 which lead those at aerial 4. Approaching echoes on the side D, of S 
produce doppler signals at aerial 5 which lag those at aerial 4. As before, the 
situation is reversed for receding echoes. It is thus possible to tell on which side 
of the plane S any point of reflection lies. To resolve completely all ambiguities, a 
sixth aerial would be required, but the additional information supplied by aerials 
4 and 5 is sufficient to resolve the majority of ambiguities that arise. The operation 
of aerials 4 and 5 is affected considerably by their mutual coupling, however they 
are used in a purely qualitative manner on echoes with large zenith angles, and the 
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coupling is not serious enough to prevent them from being used in this manner. 


The direction finding equipment has been calibrated by means of an aeroplane. 
and details of its calibration are given in § 4. 


AERIAL 4 








AERIAL 3 
———a 








AERIAL | AERIAL 2 


Fig. 11. Diagram of the complete direction finding aerial system. 


EXPERIMENTAL EQUIPMENT 


2.1 The transmitter 


The transmitter is crystal controlled, the crystal frequency being 743-7 ke. The 
output of the crystal oscillator is phase modulated with the waveform of Fig. 3. 
the deviation being 23°. The frequency is then multiplied by 36. giving a frequency 
of 26-77 me with a phase deviation of 90°. 

The power amplifier has a continuous wave output of 250 watts. and is ampli- 
tude modulated with 4 kilowatt 10usec pulses at a repetition rate of 100 pps. 
A pair of VT90 valves is used in the power amplifier. these valves having enough 
emission and electrode spacing to handle the pulses and enough grid and plate 
dissipation to run continuously. The transmitting aerial consists of two dipoles 
fed in phase. The dipoles are mounted in a horizontal plane and have parasitic 
reflectors underneath them. 
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2.2 The receivers and recorder 


A block diagram of the receiving and recording equipment is given in Fig. 12. 
There are four narrow-band doppler receivers and one wide-band pulse receiver. 
The outputs of the doppler receivers are applied to the vertical plates of cathode 
ray tubes and photographed on horizontally moving bromide paper. An intensity 
modulated cathode ray tube is used for recording the range on the same paper. 
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Fig. 12. Block diagram of the equipment at Salisbury. 


The recording camera has three lenses, one for each cathode ray tube. There 
are two double beam tubes for the four doppler receivers and a single beam tube 
for the range receiver. The photographic paper is 7 cm wide, and each lens uses 
a third of the paper. The paper travels at 3.5 cm/sec. 

Typical records are shown in Fig. 13. The range trace appears at the top, the 
doppler signals from aerials 4 and 5 are in the middle and the main direction finding 
traces are at the bottom of the paper. The horizontal distance between lenses is 
ten centimetres. so that the three images are laterally separated by this distance. 
For the purpose of publication, the traces shown in Fig. 13 have been aligned 
vertically. 

Meteor echoes usually start suddenly and die away gradually and the recording 
cycle is started electronically by any sudden change in the output of doppler 
receiver I. Relays with various time delays then start the following sequence 


of events. 
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|. The paper starts moving and the cathode ray tubes brighten. 

2. The paper continues to move until one second after the signal from receiver 
I drops below a predetermined level. 

3. Then the paper stops, the cathode ray tubes are blacked out and lights are 
flashed on the clock face. 

4. The paper moves on for half a second, and waits for the next echo. 

The paper is started and stopped by means of an iron dust and oil magnetic 
clutch, operated by five power valves in parallel, which produce a current of half 
an ampere through the windings. The recording cycle is completely automatic so 
that the equipment is unattended and runs continuously. 

Only two receivers are used in conjunction with the three direction finding 
aerials. Aerials 1 and 3 are switched in turn to receiver 3. while aerials | and 2 
are switched in turn to receiver 4. The switching is done by means of a square 
wave applied to the grids of the preamplifiers. The square wave is asymmetrical, 
so that one aerial is connected to its receiver for a longer period than the other; 
thus producing a dark trace and a light trace on the recording paper for each pair 
of aerials. The trace appropriate to each aerial of a pair can then be identified. 


3. INTERPRETATION OF THE RECORDS 
The line through aerials | and 3 of Fig. 11 points in the direction 7° East of North, 
while the line through aerials 1 and 2 points in a direction 7° South of East. For 
convenience, the pairs of aerials will therefore be referred to as the North-South 
and East-West pairs respectively, aerial | being common to both pairs. 

It is desirable to calculate the results in terms of the vector direction of the 
wind. and for this reason, receding echoes will be regarded as having positive signs, 
although they show negative doppler shifts. 

Referring to Fig. 13a. the traces on the record are arranged as follows: 


Trace 1 Range 

Trace 2. Aerial 5 (North West aerial) 

‘Trace 3 Aerial 4 (South East aerial) 

‘Trace 4 North-South pair 
Dark trace—Aerial 3 or North aerial 
Light trace—Aerial 1 or South aerial. 
East-West pair. 
Dark trace—Aerial | or West aerial 
Light trace—Aerial 2 or East aerial. 


Phase comparisons of the dark and light doppler signals on traces 4 and 5 
therefore give cos p and cos « respectively (Fig. 14). The azimuth angle ¢. is 


. cos F : : ; 
given by ¢ = tan"! P where the line through aerials | and 2 is the reference 
COS % 


line and the line through aerials 1 and 3 has an azimuth of +90°. 
The phase relationship between traces 2 and 3, i.e. between aerials 5 and 4, is 
used to resolve the uncertainty which arises when the phase difference between a 


dark and light trace approaches 180°. 
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Fig. 13a, b, c. Some typical records. 





Fig. 13e. A typical record. 


NVVVVYVVVVV 


VIII 


0° 


Fig. 15. Record from an aeroplane flying across the receiving site from 
North to South. 





Measurements of winds in the upper atmosphere by means of drifting meteor trails I 
For receding echoes, the direction finding records are interpreted as follows: 


Trace 4: 
Light trace leads dark trace in phase—Northern echo .“.  # < 90°. 


Dark leads light—Southern echo .. £ > 90°. 


Trace 5: 
Dark leads light—Eastern echo, « < 90°. 
Light leads dark—Western echo, « > 90°. 


z 


7° € OF NORTH 








ca 
ahr / 








Fig. 14. Orientation of the direction finding system. 


If trace 3 leads trace 2 in phase, the echo lies on the side D, of plane S in Fig. 12. 

If trace 2 leads trace 3 in phase, the echo lies on the side D, of S. 

It is of advantage to consider all echoes as receding when reading the direction 
finding traces. For approaching echoes, this gives the reciprocal bearing which is 


then reversed to give the true bearing. 
The record of Fig. 13a, can now be analyzed. The magnitude of the doppler 


shift can be found from any of the doppler traces. The paper speed is 3.5 cm/sec 
and the wavelength of a doppler cycle is 1-2cm. The doppler frequency is there- 
fore 2-9 cycles/sec. and, from equation 1, this corresponds to a line of sight com- 


ponent of drift velocity of 16 metres/sec 


v, = 16 metres/sec. 


On trace 4. light leads dark by 0-14 cycles and the echo is therefore a Northern 


echo. and from equation 3, cos 6B = +0-14. 
On trace 5. light leads dark by 0-26 cycles, the echo is therefore a Western 


echo. and cos x = —0-26. 
1,. addition. trace 3 leads trace 2 in phase, and this is consistent with a North 


West echo. 


cos 0-14 
tn = tan-! — == 152°, 
Osa 


From equation 4, the azimuth angle ¢ = tan“ : 0-26 


or 28° North of West. 
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From equation 5, cos y = V1 — cos* « — cos? Bp = 0-95 


y = 18° and siny = 031 


16 


vg = —— = 52 metres/sec 
0-31 


Assuming a horizontal wind, the direction finding traces therefore tell us that 
the component of the wind in the direction 28° North of West was 52 metres/sec. 
The time on the record was 00-53, and it was taken on October 30th. This result 
is quite definite, in spite of the fact that the sense spikes and range trace have not 


yet been used. 

ml E ° 2 ~ oe 

The sense spikes lag the main doppler trace in phase. so that the echo is reced- 
ing, and the above value of ¢ is the true azimuth and not its reciprocal. The range 
reading is approximately 84 kilometres. Therefore. from equation 6. the slant 


range r is given by 


r = 84 + 9-8(1 — 0-14) = 92 kilometres. 


The height is therefore 92 cos y = 92 x 0-95 = 87 kilometres. 
Fig. 13b is analysed as follows: 
The doppler frequency is 4-9 cycles/sec 
v, = 27 metres/sec. 
On trace 4 light leads dark by 0.36 cycles. The echo is therefore a Northern 


echo and cos Pp = +036. 
On trace 5, light leads dark by 0-40 cycles. The echo is therefore a Western 


echo and cos « = —0-40. 

Trace 3 leads trace 2 in phase and this is consistent. with a North-West echo. 
+.0-36 
—0-40 


a = 42° North of West 





cos y = 1/1 — (0-36)? — (0-40)? = 0-84 7. yy = 33° ands siny = 0-54 


% = ei = 50 metres/sec 
0-54 
Assuming a horizontal wind. its component in the direction 42° North of West 
was therefore 50 metres/sec at 23-42 on October 29th. 
The echo is approaching, therefore the above value of ¢ is its reciprocal bearing. 
The true azimuth of the echo is therefore 42° South of East. The trace range is 
93 kilometres. the range is therefore given by 


r = 93 + 9-8(1 + 0-36) = 106 kilometres. 


Its height is given by 
h = 106 cos y = 89 kilometres. 


The echo in Fig. 13c occurred at 22-45 on October 29th. Dark leads light on 
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trace 4, by 0-38 cycles, and light leads dark on trace 5 by 0-07 cycles. One would 
therefore say, at first glance, that the azimuth of the echo was slightly West of 
South. However, the phase relationship between traces 2 and 3 show that this is 
incorrect. Trace 3 leads trace 2 in phase, so that the echo lies on side D, of S in 
Fig. 11, whereas Southern echoes clearly lie on side D, of S. 

The correct interpretation of the record is therefore as follows: 

On trace 4, light leads dark by 0-62 cycles. This gives a Northern echo and 
cos B = + 0-62. 

On trace 5, light leads dark by 0-07 cycles. This gives a Western echo and 
cos a = —0-07. 

A North West echo is consistent with the phase relationship between traces 
2 and 3. 


0-62 
¢ = tan? _ 07 = 84° North of West 





cos y = 1/1 — (0-62)? — (0-07)? = 0-78 
y = 39° and siny = 0-63 
The doppler frequency is 2-9 cycles/sec, so that v, = 16 metres/sec 


16 


*%e=- = 26 metres/sec. 
¢ ~ 0-63 


The echo is receding, therefore the above value of ¢ is its true value and not 
its reciprocal. The trace range is 107 kilometres. 


r = 107 + 9-8(1 — 0-62) = 111 kilometres 
and h = 111 cos y = 87 kilometres. 


The analysis may appear to be somewhat lengthy, but, with practice the 
azimuths can be roughly estimated at a glance, the longest part of the analysis 
being the measurement of the phase differences. The arithmetic is simplified by 


the use of graphs from which and cos y can be read directly with a knowledge 


sin y 
of cos p and cos «. In addition to this. a table is used to give values of the quantity 
9-8(1 — cos £) for various values of cos 8. With such aids, and with practice, 
the interpretation of records becomes a routine procedure. 

A confused echo is shown in Fig. 13d, and such are rejected for wind analysis. 
These echoes are usually long enduring and apparently involve scattering from 
more than one centre. 


, 
4. CALIBRATION OF THE DIRECTION FINDER 
The axes of the direction finding system are in the direction 7° East of North 
and 7° South of East. An aeroplane was flown on these bearings across the receiv- 
ing site at a height of 4.000 feet. Several runs were made, and the best runs were 
used for the calibration. 
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A part of the record which was taken during the best South to North run is 
shown in Fig. 15. The position of the aircraft was checked optically, the markers 
on trace 3 being made by the observer at intervals of five degrees in the zenith 
angle of the aircraft. 

Since the transmitter is at Adelaide, which is South of Salisbury, an aircraft 
fying from South to North does not give a zero doppler frequency when passing 
over the receiving site. When overhead and flying North, the distance from the 
transmitter to the aircraft is increasing, and the distance from the aircraft to the 
receivers is not changing. Therefore, the total distance is increasing with time, or 
the aircraft is apparently receding. 

The part of the record shown in Fig. 15, was taken when the aircraft was passing 
overhead. The East-West pair of traces are in phase, but on the North-South 
trace, light leads dark by 0-1 cycles, giving cos f = +0-1. This corresponds to 
an error of about 6° in zenith angle. 

If 0-1 is subtracted from the value of cos f, the error is removed for overhead 
echoes. It is also reduced considerably everywhere else, for after making this 
correction. the error is less than 4° for all zenith angles less than 40°. The average 
error in the corrected zenith angle is 1-2° over the South to North run and 2° over 


the West to East run. 
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ABSTRACT 

Winds in the upper atmosphere have been deduced from the drifts of meteor trails by means of a con- 
tinuously recording doppler-radar system operating on 27 mc. Measurements of the average diurnal 
variations of the winds at known heights between 80-105 km have been obtained for each of the three 
months, October, November and December, 1952. The winds are found to be essentially horizontal, 
and analysis of tho diurnal variations shows the presence of prevailing and periodic components of the 
wind. The 12 hr and 24 hr harmonic components represent anticlockwise rotation of the wind vectors; 
the 12 hr component is consistent with the phase of a semi-diurnal tidal wind as deduced from barometric 
oscillations. While, at any time, the direction of the wind remains the same over the height range 
investigated, the mean velocity of the wind increases with height. 3 


1. INTRODUCTION 


A number of investigations of winds in the upper atmosphere using radio techniques 
have been made in recent years, but these measurements have been, in the main, 
confined to the £ and F regions of the ionosphere since they depend upon the 
presence of irregularities in these regions (BEYNON, 1948; Munro, 1950; PHILurps. 
1952; SaLzBERG and GREENSTONE, 1951). A limited number of measurements 
have also been made on the movements of sporadic F ionization (GERSON. 1950; 


FERRELL, 1948). 

In the height. range 80-100 km the recording of radio echoes from meteor trails 
leads to reliable methods of measuring winds. Two techniques have been used. 
MANNING, VILLARD and PETERSON (1950) have described a C.W. doppler system on 
23 me and GREENHOW (1952) has used a pulse, range-drift method on 36 me. 

In what follows, the results of an investigation of winds as deduced from the 
records of drifting meteor trails over a period of three months are presented and 
analysed. The observations of the meteor trails are made by means of a self- 
recording doppler-radar system which embodies some novel features and is described 
in a companion paper by Rospertson, Lippy and Exrorp (henceforth referred to 
as Paper I). 

The average diurnal wind variations for each of the three months have been 
obtained and the prevailing and harmonic components of the winds extracted. 
An analysis has also been made of the average vertical wind motion and the velocity 
gradient of the wind ir this region. 


2. TECHNIQUES 


Although a full description of the techniques and apparatus is given in Paper I, yet 
for convenience they are again summarized below. 

To determine the motion of the upper atmosphere from the drift of meteor 
trails it is necessary to know the line of sight velocity of the trails relative to an 
observer on the ground. and the position of the trails in space. These parameters 
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are measured by a combined C.W. and pulse technique on a frequency of 27 mc. 
The transmitter is situated at Adelaide and radiates a C.W. signal of 250 watts 
within a vertical cone of 40°. The receiving site is at Salisbury (19-6 km north of 
Adelaide) where the doppler beat between the ground wave and the reflected wave 
from the meteor trail is automatically recorded. The line of sight velocity of drift 
is deduced directly from the doppler record. To determine the sense of the drift 
the phase of the transmitted wave is abruptly retarded 90° every 4, of a second and 
the result is to superimpose spikes on the doppler record, the locus of whose ends is 
a waveform which either leads or lags the main doppler waveform according as the 
trail approaches or recedes. (§ 1.2, Paper I). 

To determine the position of the trail in space, both the direction of arrival of 
the sky wave and the slant range of the reflection point must be measured. The 
latter is determined by pulse-modulating the transmitted signal above the C.W. 
background and recording the time delay between the ground wave and the sky 
wave on a conventional radar display. Measurement of the direction of arrival of 
the sky wave is made by using three receiving aerials at the corners of a right- 
angled triangle. These aerials are so positioned that the ground wave is in phase at 
all three aerials (i.e. the phase differences are 0, 0, and 360°) and the relative phases 
of the sky wave at each aerial are recorded as the relative phases of the doppler 
beats at the detectors of the receivers. The centres of the aerials define the axes 
OX and OY of a Cartesian system in which OZ is vertical. The relative phases of 
the doppler beats in pairs of aerials give the direction cosines, in this system, of 
the wave normal of the sky wave reflected from the meteor trail. 

All recording is automatic, the information being displayed on three cathode-ray 
tubes and photographed on a roll of bromide paper. The first echo from the meteor 
trail initiates the movement of the paper which continues to move at the rate of 
3:5 cm per sec until the echo disappears. The paper then comes to rest and a clock 
face is photographed on to it. 

Under normal operating conditions one 100 ft length of paper lasts for about 
24 hours and records 200-300 meteor echoes of which about 25% are usable for 


analysis. 
3. OBSERVATIONS AND REDUCTION OF RECORDINGS 


The observations were made at Adelaide (139° E, 35° 8) during October 13-30, 
November 12-30, and December 2-20, 1952. With the exception of three hours 
each afternoon during October and occasional hours when the recording paper 
was used up before the camera was reloaded, the observations were continuous 
between the above dates. 

The incidence of various meteor showers during the three months and the 
diurnal variation of the rate of sporadic meteors cause the number of echoes per 
hour to vary markedly during each day and from day to day. In general the 
activity is a maximum during mid-morning and a minimum during mid-afternoon. 

Since the meteor trails are highly aspect sensitive, the reflection points during a 
meteor shower are nearly all located in only one half of the sky. At any time the 
reflection points for shower meteors lie in a plane through the observer and at right 
angles to the meteor trails. 
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Radio echoes from meteor trails with a single scattering centre give a regular 
doppler signal as shown in Fig. 1, Paper I, and only echoes of this type were used in 
the analysis. At least two cycles of dopper signal are required for analysis and 
about 25°, of the records meet this requirement. 

The direction cosines. found as mentioned above, are corrected for a small 
site error as explained in Paper I. The zenith angle and height of the reflection 
point are calculated from these direction cosines and the slant angle. 




















APPROACHING 









































ORiFT VELOCIT 


























T 
RECEDING 


T DECEMBER 1952 : O600-0700 HRS 








rT 





T 


APPROACHING 


\ 








i 
NH 

















‘ 
nn 
\ 
A \ 
aa. 
\ 








> 
- 
Vv 
° 
a 
a 
> 
_ 
= 
« 
a 




















« 





T 





OCTOBER 1952 : O7O0@ — OB8OO HRS 


RECEDIN 

















Fig. 1. Vector plots of the horizontal radial drift velocity versus azimuth for two hourly intervals. 
The dashed curves show the most probable value of the amplitude and direction of the wind. 


At first it was assumed that the wind motion was horizontal, a justifiable 
assumption. since echoes from almost overhead showed little or no doppler shift. 
(The analysis of § 4.3 substantiates this assumption.) Hence from the line of sight 
velocity v, and the zenith angle y. the horizontal radial drift velocity v, is defined by 
vs, = v,/sin y and given the appropriate sign. 

It is thus possible to measure the true wind given the position and radial drift 
of two meteor trails occuring close together in height and in time and at least 45° 
apart in azimuth. In general however the echo rate is too small to give the wind by 
this method. but in any ease it is only of limited value. (vide § 4.2). 

The chief feature of interest in any wind motion in this region is its average 
diurnal variation. If it is assumed that the wind on the average does not change 
rapidly in direction or amplitude from hour to hour, a simple averaging process can 
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be effected by grouping all the measurements obtained from one month’s observa- 
tion that occur in the same hourly interval of local time. In this way all the data 
for one month are collected into 24 hourly intervals, each interval containing 
measurements taken during that hour on as many as 18 consecutive days. 

By plotting the horizontal radial drift velocity v, against the azimuth angle ¢ 
for each meteor echo within a given hourly interval, a vector plot is formed as 
shown in Fig. 1. Were these vectors to represent the radial components of a wind 
of fixed amplitude and direction. then their end points would lie on a sine curve, 


for the following reason. 











Fra [e) 
Fig. 2. Coordinate system for a drifting meteor trail. P represents the scattering centre of the trail 
g : g : p g 
and V the wind vector. 





With reference to Fig. 2. the Cartesian coordinate system O, X, Y, Z is deter- 
mined by the receiving aerials whose axes lie along OX and OY. The point P 
represents the scattering centre of a meteor trail which is drifting in the direction 


of the vector wind J’. 
The direction cosines of V are: 


(sin 6 cos y. sin 6 sin y, cos 6) 
and the direction cosines of OP are: 
(sin y cos ¢, sin y sin ¢, cos y). 
The component of V along OP is 
v, = V[sin 6 sin y cos(¢ — y) + cos 6 cos y] 


r 


and the component of V along OH. whose direction cosines are (cos ¢, sin ¢, 0). is 


v, = V sin 6 cos(¢ — y). 
If V is horizontal, 6 = 90°. and the horizontal radial velocity becomes 


v, = V cos(¢ — y). 
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Vector plots of the experimental values of v, against ¢@ (Fig. 1) show general 
agreement with the above equation. The scatter observed can be attributed to 
several causes, 

(i) Day to day variations in the amplitude of the wind and fluctuations in 
direction, 

(ii) Variation of the mean velocity with height, 

(iii) Random wind components, both horizontal and vertical. 

Factors (i) and (iii) are inherent in the wind itself but the scatter due to (ii) could 
be reduced by grouping the data into height intervals. In the reduction of the 
observations the data were analysed in two height groups, 85-94 km, and 95-104 km. 
and also analysed as a whole. 

To determine the most probable direction y and amplitude V of the wind for 
each hourly interval, a best fitting cosine curve was determined according to the 
“least square analysis” used by MANNING, VILLARD and PETERSON (1950) 
Using the notation of Fig. 2, if the equation of the curve to be fitted to the experi- 
mental ordinates is v, = V cos(? — y), then 

mene Le?dL,,.8 — LesLv,,c 
Xs?Lv,¢ — LscdLv, s 
and = 2 4,0(} > — 
Xe? + tan p Xse 
where v,, is the experimental ordinate in the direction ¢,, and s = sin ¢,,c¢ = cos ¢,,. 

In Fig. 1 the best fitting cosine curves, found using the above expressions, 
have been superimposed on the vector plots. The upper diagram is representative 
of many hourly intervals during November and December, the scatter being chiefly 
due to amplitude variations. The lower diagram was chosen to represent one of 
the most “confused” hourly intervals and it indicates considerable fluctuation in 
the direction of the wind. 

The uneven distribution of the ordinates in azimuth is common to all the hourly 
intervals. and is due to the large proportion of the echoes that, in these months. 
come from shower meteors with reflection points lying in a limited part of the sky as 
mentioned above. In general each hourly interval has information in about three 
quadrants. 

The number of echoes per hourly interval varies throughout the three months 
from 6 to 70. Since it was considered that at least ten echoes were needed to 
vield reliable values of V and y, no intervals with less than ten echoes were analysed. 

The direction finding system does not lie exactly along the N-S and E-W lines 
and a correction of —7° has to be made to all the computed values of y. 








4. RESULTS 


4.1. Average monthly diurnal wind variations 

Having calculated the amplitude and direction of the winds for each hourly interval, 
the wind vectors can be resolved along the E-W and N-S directions. The components 
for the total height groups for each of the three months are given in Fig. 3, where 
the vectors have been drawn to represent the vector direction of the wind. The 
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patterns of the winds for November and December are similar. but unlike that for 
October which shows little of the prevailing East vector wind present in the other 
months. The average prevailing vector winds for these months are shown in Fig. 4. 

The first and second harmonics of the monthly components have been extracted, 
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Fig. 3. Average diurnal variations of the N-S and E-W components of the winds. 


and by adding these to the prevailing wind the dashed curves in Fig. 3 are obtained. 
The fit of these curves to the experimental ordinates indicates that the first and 
second harmonics are the only harmonics of any importance, the residuals being 
randomly distributed. Although it might be thought that the residuals would be 
largest for those hourly intervals containing the smaller numbers of meteor echoes, 
this is not so. In general the greatest scatter occurs for those intervals where the 
wind direction is changing most rapidly. 
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Fig. 4. Prevailing wind vectors for October, November and December, 1952. 


During October no observations were made between 1300 and 1600 hours, 
consequently a Fourier analysis could not be made. However, the dashed curves 
for the N-S and E-W components are those compounded of a prevailing wind plus 
the first and second harmonics, which gave the best fit to the experimental ordinates. 

In Fig. 5 the 12 and 24 hour harmonics are shown plotted on an harmonic dial. 
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Fig. 5. Harmonic dials showing the 24 hr and 12hr periodicity in the winds during October, 
November and December, 1952. 
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Although it is not justifiable to draw conclusions valid for a whole year from only 
three months of observation, it is of interest to note that, 
(i) the wind vector associated with both harmonics rotates anticlockwise, 
(ii) the diurnal wind component blows towards the North at 18 + 2 hours. 
(iii) the semi-diurnal wind component blows towards the North at 0 + 13 
hours. 
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Fig. 6. Plot of the direction and amplitude of the wind for four consecutive days during 
December, 1952. 


It can be seen from Fig. 3 that during November and December the phases of 
the harmonics were such that the two components reinforced the prevailing wind 
in the mid-morning causing the average velocity of the wind to increase to 100 m/sec 
towards the East. During October the maximum average wind velocity did not 
exceed 70 m/sec. 


4.2. Daily wind variations 

It is of interest to enquire how the wind varies from day to day and to compare it 
with the monthly average winds considered in the preceding section. The meteor 
rate is insufficient: to permit this to be done in general. but during the Geminid 
shower in December the rate was adequate to allow a quasi-continuous recording of 
the wind for several days. Values of the radial components of velocity v, were 
determined from the echoes from two meteor trails which occurred in the same 
height group and less than one hour apart in time. The wind vector of which these 
two were components was then simply found from the point of intersection of the 
normals to these components drawn at their ends. Using pairs of meteor echoes in 
this way, the vector directions and average amplitudes of the winds were found for 
the two height groups, and the results are plotted in Fig. 6. The average azimuths 
derived from the hourly intervals for the whole month are also plotted for com- 
parison. The Geminid shower culminated at approximately 0020 hours and con- 
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tinuous measurements could only be made fora few hours either side of culmination. 
However, these sufficed to indicate the main features of the wind. 

During daylight the direction of the vector wind was mainly E to NE. which 
agrees well with the monthly averages. Between 2000 hours and 0600 hours a 
complete rotation occurred, this behaviour being well illustrated on the night of 
December 11—12. This rotation also took place on December 12-13 and 14-15, but 
it did not always occur at the same time. On December 12 the vector wind blew 
West at 0300 hours while on December 13 it blew West at midnight. This fluctua- 
tion in the time of rotation is reflected in the azimuths for the monthly hourly 
intervals, which indicate that the wind suddenly changed direction between 0200 
and 0300 hours. From the Fourier analysis of the hourly vectors. given in the 
preceding section, it can be seen that this rapid change in direction is a rotation and 
is associated with the semi-diurnal component of the wind. It is apparent from 
the plot of December 13-14 that this rotation is not always completed. since on this 
night the wind began to rotate from East through North to West and then swung 
back again to the NE. 

The azimuths for the two height groups show no significant difference. the wind 
direction behaving similarly from at least 85 to 105 km. 

The manner in which the daily wind amplitudes vary is indicated by the 
plot of the amplitudes averaged over two hours. There is evidence of a sharp 
increase in the wind speed at approximately 2300 hours on December 11. These 
sudden increases in the speed of the wind are not uncommon and sometimes last 
for several hours. 


4.3. Vertical winds 
It has been mentioned in § 3 that meteor echoes from almost overhead showed little 
or no doppler shift and thus indicated the absence of vertical drift. However, the 
number of trails which occur within say 15°of the zenith is relatively small because 
the proportion of the total sky concerned is small. It is therefore desirable that the 
existence or absence of vertical drift should be more thoroughly examined. 

In § 3 the line of sight velocity of a reflection point whose azimuth is ¢ and 
zenith angle y is given by 

v, = V[sin 6 sin y cos(@ — y) + cos 0 cos y] 


where y is the azimuth and 6 is the zenith angle of the wind vector JV. 
If 6 is not 90°, then the “‘apparent horizontal radial drift velocity” v,’ is 


v, ; 
v, = -" = Vsin 6 cos(¢ — y) + cos 0 cot y]. 
sin y 


As before v,’ varies sinusoidally with the azimuth angle ¢, but in addition it con- 
tains a non-periodic term V cos 6 cot y. Hence if the wind vector is not horizontal, 
the equation to be fitted to the experimental ordinates must be of the form. 


v, = Ve + V’ cos(¢d — yp) 
where V,’ = V cos 6 cot y 


V’ = V sino. 
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Let the angle of tilt of the wind vector V from the horizontal be 7. 


Then 7 = 90 —0 
Hence the angle of tilt is given by 


tan r = cot 6 = 


and the vertical wind component equals 
V cos 6 = V, tan y. 

















1O OCTOBER 
|| NOVEMBER 
12 DECEMBER 





> 





hm 





% NO. OF ECHOES PER KM 


ad 
5 























1) 80 90 95 100 105 HO KM. 
HEIGHT 


Fig. 7. Smoothed height distribution curves of the meteor echoes. 


The equation for v,’ has been fitted to several hourly intervals by the method 
of “least squares,” and the value of V cos 6 determined, assuming an average 
value of 0-5 for tan y. The vertical wind component varied between + 6 m/sec and 
showed no periodicity. The average value of the angle of tilt was < 5°. 

It is concluded therefore, that the winds on the average are horizontal to within 
at least 5°. Since the above is an averaging process this result does not exclude the 
existence of random vertical components in the motion. 


4.4. Mean height of reflecting centres 

All echoes used in the analysis were distributed in height between 75 and 115 km, 
with 75°, of them lying between 85 and 100 km. To test for variations of the winds 
with height. the data for each month were divided into two height groups, 85-94 km. 
and 95-104km. The echoes were not distributed evenly throughout these height 
ranges. nor were the distributions in each hourly interval the same. Therefore. 
average heights for each hourly interval were first found and then the mean of these 
average heights was found for the total interval of 24 hours. In this way mean 
heights were found for the two height groups and also for the data as a whole. The 
results for the three months are given in Table 1. The probable error for all the 
heights in the table is + 2 km. 
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The smoothed height distribution curves for the three months are shown in 
Fig. 7. They reveal that essentially the same region was investigated each month. 


Table 1 





Height 
Range 

85-94 km 95-104 km 

Month 





October 90 km 
November 90 .. 
December 90 ,, 














4.5. Changes of the wind speed with height 


The analysis of the wind data in two height groups has shown that the wind direc- 
tion is essentially the same from 85 to 105 km. This fact is illustrated in Figs. 8a 
and 8b where the hourly vectors associated with the total group are compared with 
those for the two selected height groups for November and December. Although 
the data were in general insufficient to give a complete vector picture during the 
whole day for the two height groups, the vector components show similar trends. 
It was possible to make a Fourier analysis of the 85 to 94 km group for December 
and the resultant dashed curve closely resembles that for the total group. 

A comparison of amplitudes of the average hourly vectors suggests that the 
amplitudes in the upper height group are greater than those in the lower group. In 
order to examine this suggestion, the ratios of amplitudes between the height 
groups for each hourly interval were formed, and the distributions of these ratios 
are plotted in Fig. 9a. Although the ratios show considerable scatter, their means 
are significantly greater than unity being larger, the greater the height separation. 
The average velocity of the wind for the total group was 61 m/sec for November and 
64 m/sec for December, the mean heights from Table 1 being 93 and 92 km respec- 
tively. Using these values and the means of the amplitude ratios, the average 
velocities of the winds in the two selected height groups were calculated and are 
plotted in Fig. 9b. The results for both months show a positive wind gradient of 
3-6 m/see/km. 


5. DiscusstIon 


5.1. Prevailing winds 


Reference to Fig. 5 shows that the prevailing wind during November and December 
was directed towards the East while during October it was much smaller and directed 
towards the NE. This behaviour may well represent a seasonal change and can be 
compared with the properties of winds in the region 100-120 km found by the 
fading method. PuiL.ips (1952) finds an average drift towards the East in summer 
and towards the West in winter. 


281 





W. G. Etrorp and D. S. ROBERTSON 


5.2. Periodic variations 
The analysis given in § 4.1 showed that both the 24 hour and the 12 hour harmonics 
represent anticlockwise rotation of the wind vector, such as would be anticipated 


for a tidal wind in the southern hemisphere. 
Although no final conclusions regarding the phases of these harmonics can be 
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Fig. 8a. Comparison of the average diurnal variations of the N-S and E-W components of the 
winds for the three height groups during November 


drawn from three months’ observations only, the results given in Fig. 6 are con- 
sistent with the phase of the semi-diurnal tidal component derived from baro- 
metric oscillations, which in conjunction with tidal theory indicates that the wind 
at about 90 kms is directed towards the North at 0100 hours. 

It is of interest to note that the phase of the 12 hour harmonic in October is 
about 2 hours later than either the November or December 12 hour harmonics. 
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It is also apparent from measurements made on individual days that the phase of 
the rotations can vary by as much as 3 hours from day to day. 


5.3. Wind gradient 
The results of § 4.5 are illustrated in Fig. 9 and they suggest a positive wind gradient 
of 3-6 m/sec/km. Gradients of this order and larger have been invoked to explain 
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Fig. Sb. Comparison of the average diurnal variations of the N-S and E-W components of the 
winds for the three height groups during December. 


the distortion of long enduring meteor trails (STORMER 1937), and radio measure- 
ments by GREENHOW (1952) on the relative velocity of two scattering centres of 
long enduring meteor trails give wind gradients varying between | and 7-5 m/sec/km. 
However. a wind gradient whose average value is that given above would indicate 
an average velocity of approximately 150 m/sec at 120 km. Such a value seems in- 
consistent with measurements made at 100—120km using the fading technique, which 
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give values of the average wind velocity less than 100 m/sec. It appears therefore. 
that until further measurements are made, this value (3-6 m/sec/km) of the gradient 
should only be assigned to a small range of heights in the vicinity of 95 km. 
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Fig. 9a. Distribution of the ratios of the average velocity at different heights. 
Fig. 9b. Average velocity of the winds versus height. 










































































6. CONCLUSIONS 


It has been shown that radio observations of the drifts of meteor trails provide a 
reliable and continuous means of measuring upper atmospheric winds. The measure- 
ments refer directly to the real motion of the air at known heights between 80- 
105 km, and reveal the presence both of prevailing and of periodic horizontal 
winds. 

It would appear that the results given in this paper are more definite and 
accurate than any previous measurements of winds in the upper atmosphere. 

It is proposed to continue the work. 
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electron densities in high latitude aurorae. 
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ABSTRACT 
The paper discusses certain auroral observations and seeks to obtain information in a form which is best 
suited to the study of physical processes. 

An attempt is made to express largely descriptive information on the auroral brightness in terms of a 
quantity mw (5577), the number of oxygen green line quanta emitted, in the line of sight, per em? column 
per second. It is concluded that International Brightness Coefficients I, II, III and IV correspond to 
m (5577) being approximately equal to 2.10%, 1.101°, 1.10% and 5.10!2 cm~* sec“!, An extreme upper 
limit is estimated as 5.1015 em~? sec™}. 

Measured auroral intensities in ultra-violet vibration bands are compared with intensities obtained 
from theoretical and laboratory studies. By considering various v” progressions (fixed upper state) 
it is shown that the auroral intensities are in error by an amount which increases systematically as the 
wavelength is decreased. An empirical correction curve is obtained. 

Radio and optical evidence on the electron density is discussed and it is concluded that electron 
densities between 10? and 108 em~° occur in bright high latitude aurorae. 


INTRODUCTION 


Observations of Doppler-shifted H, emissions in the auroral spectrum (MEINEL, 
1951; VEGARD, 1952) give strong support for the view that the primary excitation 


mechanism of the aurora is provided by the entry of fast protons, possibly together 
with other positive ions, into the earth’s atmosphere. Although the incident 
stream of charged particles must include sufficient electrons to ensure that it has 
no net electrical charge, the primary electrons will be stopped at great heights and 
will not give a large contribution to the auroral luminosity. Excitation by direct 
proton impact can, however, account for only a part of the auroral spectrum. 
In particular it cannot account for processes, such as the excitation of the forbidden 
atomic lines, which involve a change of electron spin. For such processes it is 
necessary to consider secondary excitation mechanisms. 

Fast incident protons will loose energy in exciting, ionizing and dissociating 
the atmospheric constituents; further excitation can then arise from collisions 
with secondary electrons, from collisions involving excited particles and from 
recombination processes. When finally slowed down to velocities of the order of 
1000 Km/sec, the protons capture electrons and become the fast hydrogen atoms 
which give the observed Balmer emissions. 

Recent high dispersion studies (PETRIE and SMALL, 1952; VEGARD and KvIFTE, 
1952) have established with some certainty the identification of a great many 
spectral features. In order to assess the importance of various excitation processes 
it is also necessary to have information on the relative intensities, on the absolute 
emission rates and on the electron density. In the present paper the observational 
material is discussed and an attempt is made to obtain information in a form 
which is best suited to the study of physical processes. Since the aurora is un- 
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doubtedly a very complex phenomena, exhibiting many different forms and 
frequently undergoing rapid variations with time, we have in many cases to be 
content with obtaining sufficiently representative orders of magnitude for the 
quantities of interest in the construction of a physical theory. 

The excitation of forbidden atomic lines in high latitude aurorae will be dis- 
cussed in the second paper of the present series. Later papers will be concerned 
with excitation processes in low latitude aurorae and the airglow, and with the 
excitation of permitted atomic lines in high latitude aurorae. 


2. ABSOLUTE BRIGHTNESS OF THE AURORA 


The surface brightness of the aurora in a given wavelength A is proportional to 
the number of photons of that wavelength emitted per second in a column in the 
line of sight of 1 cm? cross section. We denote this quantity by (A). If P(A) is 
the average photon emission rate per cm® per sec and ¢ the effective pathlength 
in Km, x(A) is given by 105t¢P(A). The diameters of auroral rays are usually 
quoted to be of order 1 Km. For high latitude aurorae it appears reasonable to 
take ¢ of order unity for all structures. 

Although, so far as the author is aware, no exact quantitative information has 
been published on the absolute brightness of the aurora, it is not difficult to make 
order of magnitude estimates using descriptive information on the visual bright- 
ness. The apparent visual brightness may be expressed in terms of a quantity 
7,(5550), the equivalent number of photons in the wavelength of maximum visual 
sensitivity. It is readily shown that this is equal to 5-6.101* times the surface bright- 
ness in candles/em?. Since a high proportion of the visual brightness comes from 
the oxygen green line, 4 5577, we may take approximately 7 (5577) = 37,(5550). 
Using this relation we will express the absolute brightness in terms of 7 (5577). 
If the relative intensities J(A) of various spectral features are known in arbitrary 
units the emission rates in the line of sight are readily obtained from 


al(A) 


= 5577 I (5577) 7 P27) (1) 





m(A) 


An extreme lower limit for the auroral brightness is provided by the brightness 
of the night sky, for which the results of recent determinations are summarized in 
Table 1; we adopt a figure of a (5577) = 4.108 cm-* sec" for the night sky 


brightness. 
Table 1. Night sky brightness 





m (5577) cm-2 sec-} 





Roacu and BarBIER (1950) 6.108 
Roacu and Pettit (1951) 2-5.108 
Hovuteast (1952) 4-4,108 








In Table 2 we give estimates of 7 (5577) for aurorae of various International 
Brightness Coefficients (Mitra, 1947). For intensity I we use the data of Roacu 
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and Pettit (1952) on the brightness of the Milky Way. The value for intensity IT 
is interpolated. For intensity III we take the brightness of moonlit cumulus to 
be 2 micro-candles/em? (DAUVILLIER, 1934). For intensity IV we take the 
surface brightness of the full moon to be 0-25 candles/em? (Harpy and Perrin, 
1932) and assume that the solid angle subtended by the aurora is 10° times the 
solid angle of the full moon. The extreme upper limit, for which the surface 
brightness of the aurora equals that of the full moon, is only approached on very 
rare occasions (STORMER, 1926; WuRM, 1948). 


Table 2. Absolute brightness of the auroral green line estimated from the apparent visual 
brightness 





International 
Brightness Description of brightness a (5577) cm-2 sec-} 


Coefficient 





Extreme lower limit, night sky brightness 4.108 
Brightness of Milky Way 2.10° 
Brightness of thin moonlit cirrus 1.1010 
Brightness of moonlit cumulus 1.1014 
Illumination equals that of full moon 5.1012 
Extreme upper limit, brightness of full moon 5.1015 











A check on these order of magnitude estimates is provided by the following 


independent observations: 

(1) It is well known that only the brightest aurorae give a visual colour sensa- 
tion* (according to DAUVILLIER (1934) only those of intensity IV). The recent 
investigations of MIDDLETON and Mayo (1952) on the threshold brightness for 
colour vision show that 7 (5577) must be at least-of order 104/cm?/sec for a green 
colour to be clearly seen. 

(2) Using a photo-cell, DAUVILLIER (1934) found that intensity IV aurorae 
were 10% times as bright as intensity I aurorae. 

(3) It will be shown in paper II of the present series that, for a pathlength of 
order 1 Km, the extreme upper limit of Table 2 is close to the maximum which is 
physically attainable, since it would require nearly all the atomic oxygen to be in 
excited states. 

It is seen that the various estimates obtained give a self-consistent picture, 
and we can be reasonably certain that they provide sufficiently representative 
orders of magnitude for the discussion of excitation processes. It is, of course, 
very desirable that exact quantitative measurements should be made. 


3. RELATIVE ULTRA-VIOLET INTENSITIES 


The auroral spectrum is usually observed at angles of about 10° above the horizon. 
The resulting long pathlength through the earth’s atmosphere leads to a great 





* Since this was written Dr. N. HERLoFson has commented that he would consider it more accurate 
to say that only the faintest aurorae do not give a visual colour sensation. 
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deal of absorption and scattering in the violet and ultra-violet spectral region, 
and in consequence to the possibility of large systematic errors in the determina- 
tion of the relative intensities of ultra-violet features. Although most observers 
attempt to correct for atmospheric absorption, examination of the relative inten- 
sities of vibrational bands usually suggests that considerable errors remain. 

The relative intensities J(v', v”) in a v" progression (fixed upper state v’, 
variable v”) should be entirely independent of the type of source or excitation 
mechanism. We denote published auroral intensities by Ip{v’, v”) and estimates 
obtained from theoretical or laboratory studies by I 7(v’, v”). Systematic variations 
in the ratio J ,(v’, v”)/Ip(v', v”), which should be independent of v”, have previously 
been discussed by Bates (1949a) by BarBiER and WiL.LiamMs (1950) and by 
PETRIE and SMALL (1952b). These variations may be used to obtain an empirical 
correction factor to convert the published intensities to true relative emission 
intensities. 

We consider the application of this method to the auroral intensities of VEGARD 
and KvirrE (1945), which are the most complete set of auroral intensities at 
present available. For the J, we take for the N,*+ negative group the averaged 
theoretical and laboratory data quoted by BaTsEs (1949a) and for the N, second 
positive group we use the theoretical results of NicHoLus (1950).* In Fig. 1 we 
give plots of log (I. 7/I,) against wavelength, the v” progressions for different values 
of v’ being shifted by arbitrary amounts on the vertical scale. It is seen that each 
v” progression gives a reasonably smooth and nearly linear function of A, with 
similar slopes for the various values of v’. In Fig. 2 we combine these curves by 
shifting each progression on the vertical scale so as to obtain the smoothest 
combined curve.t Denoting the function obtained in Fig. 2 by f,, the corrected 
relative intensities are given by J,(A) = f,J9(A). The scale has been adjusted so 
that extrapolation gives f, close to unity at 4 5577, which is usually taken as the 
reference wavelength for relative intensities. Essentially similar results may be 
obtained using the intensities of BARBIER and WiL.iAMs (1950) and of PETRIE 
and SMALL (1952b). 

The total atmospheric absorption may be calculated using the absorption 
coefficients given by Barsier (1947). It is found that, for an elevation of 10° 
above the horizon, the total absorption correction obtained is not much greater 
than the correction f, of Fig. 2, despite the fact that VeGarp and KvIFTE 
have already made an absorption correction to their intensities. It should be 
borne in mind, however, that atmospheric absorption in the ultra-violet is critically 
dependent on variable atmospheric impurities and on the ozone content of the 
atmosphere. According to BaTEs (1954) the ozone content varies with latitude 
and season and is greater for high latitudes. It appears to be very desirable to 


* For N,* the theoretical and experimental I 7 are in fair accord, but for the 2 P.G. of N, the labora- 
tory I7 quoted by Bates are less reliable and the agreement between theory and experimental is less 
satisfactory. Use of the experimental I7 for the 2 P.G. gives results similar to those obtained with the 
intensities of NicHOLLS, but with a much greater scatter. The theoretical intensities are probably the 
more reliable, and for the present purpose have the additional advantage that they are unlikely to be in 
error by an amount which varies systematically with wavelength. 


+ The (2, 2) band of the N, 2 P.G. at 43309, which gives an anomalous result in Fig. 1, has been 


omitted in Fig. 2. The anomaly is probably due to blending with other features (PETRIE and SMALL, 
1952b). 
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make observations of atmospheric absorption at the same time and place as 
auroral observations. This could be done, for example, by means of observations 
on stars of known ultra-violet energy distribution. 


—_ 3- 


log (r/o) 








Oo 4 1 ] l 
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Log (I7/Io) against wavelength, where the I7 are laboratory or theory intensities (see 
text) and the /0 are the measured auroral intensities of VecarD and KvirteE (1945) 

@ N.2 P.G. v’ = 0 progression O N,+ N.G. v’ = 0 progression 

@ N, 2 P.G. v’ = 1 progression O N,* N.G. v’ = 1 progression 

AN, 2 P.G. v’ = 2 progression LA N,* N.G. v’ = 2 progression 
The progressions for various upper states (v’) are shifted by arbitrary amounts on the vertical scale. 


Fig. 1. 


Although the corrections obtained in Fig. 2 are very large, it is difficult to 


escape the conclusion that they arise from incomplete allowance for atmospheric 
absorption, possibly together with some instrumental error. The only alternative 
explanation likely to be suggested is that they arise from self-absorption. While 








ce) 
3000 


Fig. 2. Log (f,) against wavelength, obtained by shifting the various progressions of Fig. 1 on the 
vertical scale so as to obtain the smoothest combined curve. Corrected relative auroral intensities 


are given by 
r Io (2) = flo). 


this would give a similar general trend, it is difficult to see how it could account 
for the detailed results, i.e. the similar variation of log (I7/I9) with A for all pro- 
gressions of both the V+ N.G. and the N, 2P.G. It is nevertheless worth con- 
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sidering the condition for self-absorption to give observable intensity anomalies 
This can be done without difficulty for the N+ negative group. 

The condition for self-absorption to begin to be important may be taken to 
be that the total optical depth in the line of sight should be unity for the centre 
of the strongest line. It is necessary to take the rotational structure of the bands 
into account, but since we are only interested in orders of magnitude we neglect 
such effects as spin and hyperfine structure and the two to one alternation of the 
statistical weights of the rotational levels. We use the usual expressions for the 
relative population of the rotation level giving the strongest absorption, for the 
rotational line strength, and for the absorption coefficient at the centre of a 
Doppler-broadened line (HERZBERG, 1950; MITCHELL and ZEMANSKY, 1934). 
Using the f-values of SHuLL (1951) and the fractional transition probabilities of 
BaTES (1949a) we obtain finally for the central optical depth of the strongest line 

sie" 
7 = 7 — 108 tn(N,*, X #Z, v” = 0) (2) 
where n(V,*, X2X, v” = 0) is the average number of N,+ ions per cm? in the 
X 2X, v” = 0 state. Putting 7 = 1, t = 1 Km, and 7 = 500°K, this gives 


n(N.*+) > n(N,*, X2E, v” = 0) = 4.108 em-3 (3) 


as the condition for self-absorption to begin to be important. This will be further 
discussed inv section 4.3. 


4. ELrectron DENSITIES 
4.1. The radio evidence 


During recent years radar echoes from the aurora have been studied by a number 
of workers; frequencies on which echoes have been obtained are summarized in 
Table 3. Both discrete and diffuse echoes are observed, the former being ascribed 
to auroral rays and the latter to extended irregular surfaces. Unfortunately 
there has been considerable controversy about the correct method of estimating 
electron densities from these results. 

If the echoes arise from ionosphere-type total reflection, a lower limit for 
n(e) in em~* is given by 1.24.104f*, where f is a frequency in Mc/s on which well 
defined echoes are obtained. Table 3 shows that this mechanism would require 
n(e) to be at least 107-108 cm~? in high latitude aurorae. 

An alternative view (HERLOFSON, 1947) is that the electron density is below 
the critical value and that the echoes result from partial reflection due to variations 
in refractive index. For this mechanism further information on the magnitude 
of n(e) can only be obtained by measuring the returned power and making some 
assumptions about the space distribution of the electrons. 

ASPINALL and HAWKINS (1950) assumed that their discrete echoes arose from 
partial reflection due to auroral rays, which were assumed to be cylinders of 1 Km 
diameter containing a homogeneous electron density. From a measurement of 
returned power they obtained n(e) = 6.105/em* from their observations and 
n(e) = 9.105/em-* from the observations of LOVELL, CLEGG and ELLYertT (1947). 
The proposed partial reflection mechanism requires a sharp boundary for the 
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auroral ionization. According to CHAPMAN (1952), HAWKINS now considers this 
to be improbable, due to the rapid diffusion to be expected at auroral levels. 
Hawkins and his colleagues now regard the total reflection mechanism as more 
probable, giving n(e) > 6-5.107 cm-%. 


Table 3. Summary of auroral radar soundings 





Frequency (Mc/s) 





Authors Station 


Echoes | No echoes 


| 


Spaces eres ee Ae ES eed 2S oR OE ee 


LovELL, CLEGG and | Manchester, England 
ELLYETT (1947) 
ASPINALL and HAWKINS Manchester, England 
(1950) | 
Forsytu, PETRIE, VAWTER | Saskatoon, Canada 
and CurRRIE (1950) 
GERSON (1951) | Radio amateurs in U.S.A., reflections 
from aurorae in Canada 
Davipson (1951) Concord, Mass., U.S.A. 
PreRcE (1947) | Cambridge, Mass., U.S.A. 
HELLGREN and MEos (1952) | Kiruna, Sweden 
McKiIn.ey and Mintman_ | Ottawa, Canada 
(1953) | 





HELLGREN and MEos (1952) have carried out continuous radar observations 
of high latitude aurorae on a frequency of 30-3 Mc/s during the period May 1951-— 
March 1952. Using a method similar to the original method of AsPrnaLL and 
Hawkins they estimate n(e) to be 2.10® cm-’ for the rays. No mention is made 
of a correction for absorption in the measurement of the returned power, although 
the close correlation between aurorae and polar blackouts suggests that such a 
correction may be important. The diffusion difficulty mentioned in the previous 
paragraph is also applicable to this case. 

It has been seen (section 2) that the visual brightness of the aurora varies 
between wide limits. Even if a value of 2.10°/em* were accepted as an average 
value for n(e), it would appear to be very improbable that the critical value 
(1-1.107/cm) was never reached during the period of these observations. However, 
if the majority of echoes were produced by partial reflection, greatly increased 
values of the returned power would be expected whenever the critical densities 
were reached. The fact that no echoes of greatly increased intensity were reported 
favours the view that all the echoes were produced by total reflection. 

It should be possible to distinguish between partial and total reflection by 
making dual frequency measurements of the ratio between the returned and 
transmitted power. Dr. P. A. Forsytu, of the University of Saskatchewan, has 
informed the writer of some measurements of this type that he has carried out 
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using frequencies of 56 and 106-5 Mc/s. He states that, although the measure- 
ments cannot be interpreted in terms of total reflection from a simple surface, they 
certainly do not indicate a partial reflection mechanism. The correct interpretation 
appears to be that electron densities greater than the critical values are present 
within limited volumes. The 56 Mc/s echoes are observed from most auroral 
displays but the 106-5 Mc/s echoes are much less frequent and of shorter duration. 
Electron densities of the order of the critical densities, 4.107/em% and 1-4.108/cm%, 
can apparently occur only near the 100 Km level.* 


4.2. The optical evidence 

There is little doubt that the N,+ negative group is emitted after simultaneous 
ionization and excitation of N, (Bates, 1949a).t A lower limit for the total 
electron production rate is then given by the rate of emission of negative group 
quanta, P(N.G.). About one half of the N.G. quanta are emitted in the A 3914 
band, so that we may put P(N.G.) = 27 (3914)/105. Veaarp and KviFTE (1945) 
give the intensity of A 3914 to be about half that of 25577. Introducing the ultra- 
violet correction factor f, of section 2, this gives P(N.G.) = f59,47(5577)/10°t. 
Equating the electron production rate to the recombination rate we obtain 


a (5577) |* 
n(e) > [ine | ; (4) 


finally 


where «°° is the recombination coefficient. 

In this expression we substitute 7 (5577) = 5.10!°cm~* sec"!, which is un- 
likely to be an over-estimate for a bright display, f,,,, = 10, ¢ = 1 and a = 10-8 
cm$ sec (a typical H-layer value (RYDBECK, 1946)). This gives n(e) > 2.10? cm-%. 
Despite the various uncertainties{ it would appear to be improbable that n(e) 
could be much less than 10’? cm~3 for a bright display, since we have neglected 
all ionization processes other than production of N,+(B?Z), and have assumed a 
comparatively low value for 7 (5577). 

A second estimate may be made by considering the enhanced N+ emission 
due to resonance in sunlit aurorae. Since the intensity of solar radiation and the 
transition probabilities are known, it is possible to estimate n(N,+) from the 
emission rate, and hence to obtain a lower limit for n(e). High sunlit rays are 
usually described as having a faint greyish colour, although the spectroscope 
shows much of the light to be in the blue-violet N,*+ bands. Occasionally brighter 
sunlit rays are described as having a distinct blue colour (SToRMER, 1926, 1929, 
1938; RAYLEIGH, 1922). Assuming this to be a true colour sensation, the effective 
number of quanta in the negative group can scarcely be much less than 10"/cm?/sec, 
which, allowing for atmospheric absorption, corresponds to a (N.G.) = 10}, 
a (3914) = 5.10" and P(3914) = 5.108 cm~3 sec- (for t = 1 Km). The results of 
Bates (1949b), corrected for the improved transition probabilities of SHULL 





* Forsytu’s work has been published (J. Geophys. Res. 1953 58, 53) since the present paper was 
written. 

+ The evidence for this will be discussed further in paper II of the present series. 

t The most serious uncertainties are probably the value of arec, since auroral conditions may differ 
from those in the normal E-layer, and the value of the effective pathlength t. 
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(1951), give for resonant emission P(3914) = 0-3n(N,+), so that we obtain 
n(N,*) = 2.107 cm-%, Since the negative ion to electron ratio will certainly be 
small in sunlight (BaTEs and Massgy, 1951), we may take n(N,+) as a lower 
limit for n(e), giving n(e) > 2.107 cm-3, 

This estimate does not provide any direct information on the value of n(e) 
appropriate to auroral forms not in the sunlit atmosphere. It is of interest, how- 
ever, that McKINLEY and MILLMAN (1953) obtained echoes, on a frequency of 
33 Mc/s, from aurorae described as “‘violet sunlit rays.’ If the brightness of these 
was above the colour vision threshold,* it would appear to be very probable that 
the electron density exceeded the critical value (1-4.107 cm~-%). In this case it 
would also appear to be very probable that all other echoes obtained by McKINLEY 
and MILLMAN were due to total reflection. 


4.3. Conciusion 
It may be concluded that the available evidence favours the view that electron 
densities between 10’? and 108 cm-? occur in bright high latitude aurorae. 

In discussing the optical evidence we have used the ultra-violet correction 
factor f, of section 3. It should be noted that if the anomalies in the band intensities 
were attributed to self-absorption effects, as in section 3, it would be necessary to 


assume even greater values for n/(e). 
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2. Excitation of forbidden atomic lines in high latitude aurorae 
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ABSTRACT 


A summary is given of the various excitation and deactivation processes which may occur, and an 
attempt is made to decide which of these will be of major importance. 

Relative intensities of the [O I] lines (A 5577, and 6300 + 6364) show that deactivation must occur. 
If electron deactivation alone occurs, n(e) must be > 7.107/em* at the lower border and > 2.107/cm® 
at the upper border. It was concluded in paper 1 that such values are possible for a bright display. 
Various deactivation processes involving collisions with gas molecules are discussed. Although none of 
these appear to be particularly promising, there are several processes which may contribute. 

At and above the level of maximum luminosity it is considered that the [O I] lines are excited by 
electron impact. Below this level there is some evidence that an additional excitation mechanism becomes 


important. This is probably O,+ + e— O’ + O”. 

Electron deactivation can account for the relative intensities of the [N I] lines (A 3467 and 5199) 
with electron densities similar to those required for the [O I] lines. An imprabably high degree of nitrogen 
dissociation would be required if electron impact on atomic nitrogen was assumed to be responsible for 
excitation of the [N I] lines. The forbidden line emission rate resulting from N,+ + e—> N’ + N” is 


estimated and found to be in good agreement with observation. 
Proposed identifications with [N II], [O II] and [O IIT] lines are discussed. The only one for which . 
the identification does not appear to be in doubt, [N II] 45755, is probably excited by dissociative 


ionization of N,, N, + X > N’ + N+” +e + X. 


1. INTRODUCTION 


The forbidden lines of O I, 25577 and 6300 + 6364, have long been known as 
prominent features in the spectrum of high latitude aurorae, and more recent 
work (BERNARD, 1941; PETRIE and SMALL, 1952a; GARTLEIN and SHERMAN, 
1952) has also shown that the forbidden lines of N I, 4 3467 and 5199, are regu- 
larly excited. Numerous identifications with forbidden lines of N Ii, O II and 
O III have also been suggested, but most of these appear to be very doubtful. 

Using the results obtained in paper 1 (SEATON, 1954a) of the present series and 
of recent work on collision processes, we discuss in the present paper the various 
excitation and deactivation mechanism which are likely to determine the forbidden 
line intensities. In paper 1 we briefly discussed the general view that the primary 
excitation processes of the aurorae were due to the entry of fast protons, possibly 
together with other positive ions, into the Earth’s atmosphere. At the heights of 
auroral phenomena the atmosphere consists largely of molecular nitrogen and 
atomic oxygen, possibly together with some atomic nitrogen and with molecular 
oxygen becoming important at the lower levels (~100 Km) (BaTEs, 1954; BatEs 
and WITHERSPOON, 1952). There can be little doubt that most of the forbidden 
atomic emissions arise from various secondary excitation processes and not from 
excitation of the main atmospheric constitutions by direct proton impact. Before 
discussing these secondary processes it is convenient to summaries the main 
processes expected to be responsible for stopping the fast protons. 
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Dissociation of N, by electron impact appears to have a very low efficiency 
(MassEy and Buruop, 1952), and the same is probably true for dissociation by 
proton impact. Collisional ionization, 


N,+ Ht+> NW, + Ht+e (1) 


is likely to be much more important. A considerable proportion of the N+ formed 
by (1) will probably be in excited states with considerable vibrational develop- 
ment. Thus Mermnet and Fan (1952) have obtained strong N,+ emissions on 
bombarding molecular nitrogen with high speed protons, and found the vibra- 
tional development to be similar to that observed in the aurora. It is also of 
interest that MrINEL (1952) reports a striking correlation between the intensity 
of the V+ auroral emissions and the auroral H, emission. 

Since (1) apparently gives considerable excitation to V,*+, we may also expect 
the dissociative ionization reaction, 


N, + Ht++>N'+N+"+Ht+e (2) 


to be of importance (it being a limiting form of (1)). Charge exchange reactions, 
responsible for producing the excited hydrogen atoms giving the observed Balmer 
emissions, are unlikely to be important as secondary excitation processes for the 
forbidden lines, since these reactions only occur when the protons have lost some 
99%, of their initial energy (MEINEL, 1952). 

The mean initial kinetic energies of the electrons formed by reactions such as 
(1) may be expected to be of order 10—20 eV. 

In both the present and the previous paper it is assumed that the N+ auroral 
emissions result from processes such as (1) giving simultaneous ionization and 
excitation of N,. This view has been criticized by Sw1nes (1948), who considers 
collisional excitation of N,+ to be a more probable mechanism. Our main objection 
to this suggestion is that V,* is a rare constituent, its density being unlikely to 
exceed 10-4 times that of the main atmospheric gases, and it is therefore difficult 
to see how collisions with N,+ could give rise to some of the most intense emissions 
in the whole spectrum. Thus, for example, it is readily shown that the intensity 
resulting from electron excitation of N,+ must be many orders of magnitude less 
than the intensity of the forbidden oxygen lines, since the N,+ electron excitation 
cross sections cannot greatly exceed the oxygen cross sections (which are of 
order gas kinetic). A further objection is that collisional excitation of N,* is 
unlikely to proceed more rapidly than recombination (see section 2.5) and there- 
fore a very high rate of production of N,+ would be required for the mechanism 
proposed by Swines. There are, however, no grounds for assuming that ionization 
of N, would give N,*+ exclusively in the ground state. 

In discussing excitation processes we will assume that the emission rate of N+ 
negative group quanta gives a lower limit for the ionization rate (the total ioni- 
zation rate is probably greater than the N.G. emission rate by a factor of order 
2 or 3). With this assumption we may then estimate the relative intensities 
resulting from various processes and compare our results with observations. An 
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alternative approach would be to attempt to calculate the absolute emission 
rates.* A disadvantage of this approach would be that such calculations would 
be more uncertain and also that the observed absolute emission rate are known 
less reliably than the relative intensities. Occasionally, however, attempts to 
estimate absolute emission rates are unavoidable. 

Throughout the present paper we use the notation introduced in paper 1. 
P(A) denotes the average photon emission rate per cm* per sec, and (A) the 
photon emission rate per cm? column per sec in the line of sight. These are related 
by (A) = 10°tP(A), where ¢ is the effective pathlength in Km (assumed to be of 
order unity). Intensities are denoted by /(A) and are given relative to J (5577) = 100 
unless the contrary is stated. The ultra-violet correction factor of paper 1 will 
be used in the present paper, with the exception of section 4 where we consider 
intensities of A 3467 both with and without this factor. 


2. COLLISION PROCESSES 


2.1. The forbidden atomic lines arise from transitions between the three ground 
configuration terms of the atoms concerned. It will occasionally be found con- 
venient to denote these terms by subscripts n = 1, 2, 3 in order of increasing 
excitation energy. Table 1 gives, for OI and NI, the excitation energies £,, 
the statistical weights w,, the wavelengths /,,, and the transition probabilities 
Aim: The values of GARSTANG (1951, 1952) have been used for the A,,, of OI 
and for the 2D — 4S transition of N I, and the A,,,, of Pasternack (1940), cor- 
rected for the improved S, integrals of GARSTANG (1952), have been used for the 
NI ?2P-—> 4S and ?P - 2D transitions. In all cases the A,,,, have been averaged 
over initial J-levels and summed over final J-levels. 


Table 1 





E,, peor Transition 
(eV) n>m 





1g + 3P 2972, 2958 
lg 1p 5577 
1p + 3p 6300, 6364 


2p _, 48 3466-5 
2P-+2D] 10407, 10398 
2p - 48 5198, 5200 
































2.2. Notation. Denoting the number of atoms A per cm?® by n(A), the 
number of collisions of the type 


A Ba dP (3) 


* It may be recalled that in paper 1 electron densities were calculated from estimates of the N.G. 
emission rate, which was assumed to give a lower limit for the ionization rate. The values obtained 
were in reasonable agreement with estimates obtained from other evidence. This provides some con- 
fidence in the consistency of our assumptions. 
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occurring per sec per cm® is denoted by «3)n(A)n(B), the subscript giving the 
equation number. An exception is made for inelastic electron collisions, 


X,te>X, +e (4) 


for which the rate coefficient is written as ¢,,. 

In discussing the possible importance of certain deactivation processes it is 
convenient to introduce the quantity y, the transition probability per gas kinetic 
collision. Within the range of gas kinetic cross sections and temperatures occurring 
in the upper atmosphere we may take « ~ 3.107%. 

2.3. The equations of equilibrium. The equations of equilibrium, assuming 
the only important processes to be electron collisions with atoms and radiative 
transitions, have been discussed by BARBIER (1948) and by SEATON (1954b). 
Due to the great complexity to be expected in auroral processes a somewhat 
different approach is adopted, involving no explicit assumptions about the types 
of collisions which may occur. We introduce the following notation: 


S, = the total number of atoms entering state 3 per sec per em® 
S, = the total number of atoms entering state 2 per sec per cm? 


by all processes other than cascading or deactivation from state 3. 
d, =the total probability per sec of an atom in state n suffering 
collisional deactivation 
dz, = the probability per sec of an atom in state 3 being deactivated by 
collisions to state 2 (d, includes d3,). 
In this notation the equations of equilibrium take the form 


(Age a Ay of. d3)n(X 3) = Ss (5) 
(Ay, + d)n(X_) = Sy + (Age + dgq)n(X9) (6) 


To derive the ratio n(X,)/n(X,) we make the assumption that S, does not involve 
n(X,), i.e. we neglect 2 —> 3 transitions. This is always justified if n(X,) is suffi- 
ciently small. With this assumption we obtain 


ne (4a As. + =) Fi A 52 + ade 


n(X3) Ay + dy 3; As + Age + ds 


The quantum emission rates are given by P(A,,,) = A,..n(Xm) and the intensities 
are given by IJ(A,,,,) = (EZ, — E,,)P(Anm) < constant. 

The transition probabilities A,, and Aj, are in all cases much greater than 
A,,. We therefore consider the further approximation of neglecting d, and d, 
but retaining d,. Substituting numerical values for the energies and transition 
probabilities we obtain for the two main cases of interest 


1(6300 + 64) —-0-94 
1(5577) = 1 +-:110d, 


(7) 








S, 
e+ 0-94] (8) 


Ol: 
and 


I(51 ] 
NI: (5199) 0 


S, 
1(3467) 1+ 9-6.10%d, LS, tg 0-94] 


Ss 


298 





Excitation processes in the aurora and airglow 


In this approximation the relative intensities are seen to be determined by 
the two parameters d, and S,/S,. In the absence of deactivation (d, = 0), 
I(6300 + 64)/7(5577) is greater than 0-88 and J(5199)/I(3467) is greater than 9-4. 

The neglect of d, and d,, is probably justified in all cases for O I, but may not 
be justified for N I (see sections 3.3 and 4.2). 

2.4. Electron excitation. Cross sections for electron excitation of OI have 
been calculated by Seaton (1953a). The calculated deactivation coefficients 
Om(EL, > E,,) are given in Fig. 1 as functions of electron temperature 7',(°K). 
The corresponding excitation coefficients are given by 


2,67 Ba Em dikTe (10) 


Detailed calculations of the cross sections for N I have not been made. However, 
it is known (SEaTon, 1953b) that, apart from external symmetry factors, the 
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Fig. 1. Electron deactivation coefficients for O I as functions of electron temperature. Subscripts 
1, 2 and 3 for 2p* §P, 1D and 3S. 


magnitudes of the cross sections are similar for similar ions. Allowing for the 
external factors we may take 


af, (NI) = 0:5208,(O1), af,(N I) = 0-52a8,(01), a%.(N I) = 2-3a8,(01) (11) 


It is probable that the values of «§,(O I) are correct to within +30% and that 

the other OI coefficients are not in error by a factor greater than 2. The NI 

coefficients obtained from (11) are probably correct to within a factor of order two. 
2.5. Dissociative recombination. The recombination reactions 


0.4 +e>0'+0" (12) 
and 
N+ +e—> N’ +N" (13) 
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may be of considerable importance as secondary excitation processes (BATES, 
MassEy and Pearse, 1948). The energy available for excitation of the atomic 
fragments is the difference between the ionization potential and the dissociation 
energy of the neutral molecule. For O, this energy is 7-1 eV, which is sufficient 
to give on the right hand side of (12) any combination of the ground configuration 
terms except 1S + 18.* For N, the energy available for excitation is 5-82 eV 
using the dissociation energy advocated by Gaypon (1952) (9-756eV) and is 
8-20 eV using the dissociation energy advocated by HERZBERG (1950) (7-373 eV). 
The most recent evidence (GAYDON, 1952; Dova as, 1952) favours the former 
value but the possibility of the second value being correct cannot be completely 
discounted. With Gaypon’s value (13) can give any combination of the 
ground terms except 2D + 2D and 2D + 2P. For the latter case the energy 
defect is only 0-11 eV, and could possibly be made up by kinetic or vibrational 
energy (Mirra, 1951). 

The available experimental evidence on the efficiency of dissociative re- 
combination, and its theoretical interpretation, has been discussed in a recent 
review by Massry (1952). The rate coefficients «2. and a3) are probably large, 
between 10-§ and 10-®cm/sec. In discussing these reactions as excitation 
mechanisms it is also important to estimate the S,/S, ratio. Previous estimates 
(Mirra, 1951) have been largely based on considerations of energy resonance. 
However in this, as in many other upper atmosphere problems, the idea that close 
energy resonance gives large coefficients has probably been used rather indis- 
criminately. Although such considerations are of undoubted relevance in dis- 
cussing certain processes involving only a transfer of electronic energy, they are 
not applicable for many molecular processes (MAssEY and BurHop, 1952; OLDEN- 
BERG. 1952). For dissociative recombination it is necessary to consider the course 
of the reaction in more detail. We may consider that the electron first attaches 
itself to the molecular ion to give a repulsive state of the neutral molecule, which 
then breaks up into atomic fragments. To make a reliable estimate of S,/S, it 
would be necessary to have more information than is at present available on the 
repulsive potential energy curves. However, it is probable that a number of such 
curves contribute, in which case it is unlikely that there would be great selectivity 
in producing atoms in one excited state in preference to the other. In the absence 
of further information the most reasonable value to adopt for the S,/S, ratio 
would appear to be the statistical weight ratio, w,/w3. 

2.7. Selective excitation of state 3. In discussing the interpretation of the 
auroral spectrum in sections 3.3 and 4.2 we will consider, for the sake of complete- 
ness, the lower limit of zero for the S,/S, ratio, although there is no obvious 
example of a mechanism likely to give this value. The reaction 


N,*+ + O- > N,(B3Tl, v' = 9) + O(S) (14) 


has frequently been discussed in connection with auroral excitation (MiTRA, 1946; 
GHOoSH, 1946; NIcOLET, 1945), but Bates, Massey and PEARSE (1948) have shown 


* If the O,* in (12) is in the metastable a ‘II, state, the energy available for excitation is 11-0 eV. 
This is sufficient for excitation of OI 3p °P (requiring 10-69 eV) and OI 3p *P (requiring 10-94 eV). 
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that it is unlikely to be of importance. It is in any case very doubtful whether 
a reaction of this type would give great selectivity in exciting O'S (OLDENBERG, 
1952). 

2.8. Deactivation processes. We consider the various mechanisms by which 
O(D) could be deactivated in collisions with gas molecules. For 


OS) + O, > O(8P or 1D) + O,(Y) (15) 
VEGARD and KvIiFTE (1947) give y,,;) = 3-6.10-® and for 
O('D) + O,-> OP) + 0,(Y) (16) 


they give yy) of the same order as y,,;;,. Some of the difficulties in the experi- 
mental method used have been discussed by SAYERS and EMELEvs (1952). 

The value obtained by VEGaRD and KviFTE are surprisingly small, since in 
both cases part of the energy can be taken up as electronic energy of O, (the 
state Y being a1A, or 612,*), and although electron exchange is required, there is 
no violation of the WIGNER spin conservation rule (Masszy and Buruop, 
1952). If resonance considerations have any relevance in discussing these reactions, 
as appears possible (MassEY and Buruop, 1952; OLDENBERG, 1952), one would 
expect yy) to be considerably greater* than y,,;,. It thus appears possible that 
Vig) might be considerably greater than 3-6.10-°. 

For 


OD) + N,— O(?P) + N,’ (17) 


electronic excitation of N, is energetically impossible and vibrational excitation 
is unlikely to be an efficient process, particularly in view of the fact that a violation 
of the spin conservation rule is involved. The value of y,,,, would therefore be 
expected to be very small.t 
The radiative reactions 
OD) + O, > O, + hy (18) 
and 


OGD) + N,—> N,O + hy (19) 


would be expected to have cross sections much less than gas kinetic. Some idea 
of the order of magnitude of their probabilities may be estimated from the cross 
sections for the inverse processes, but these estimates are necessarily crude since 
different initial and final states may be involved. However a rough calculation 
indicates that the value of y,,,, will be considerably less than 10~® and that y,45) 
will be much smaller. 

The reactions 


OD) + O- > O(?P) + O(8P) +e (20a) 
and 
O@D) + O- > OP) + O-”’ (20b) 


* Neglecting vibrational excitation, (15) has an energy excess of 3:19eV (Y = a1A,) or 2-54eV 
(Y = 6'%,+). For (16) very close resonance can occur; for example 
OD) + O,(X *X, v = 0) > OP.) + O,(b'X,+, v = 2) 
has an energy defect of only 0-004 eV. 
+ The reaction O(}D) + N,— NO + N has an energy defect of 1-31 eV (or 0-12eV using the 
HERZBERG dissociation energy), and will therefore not be important. 
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may give very close resonance,* but their importance is limited by the rate of 
production of O-. 

Reactions similar to (15)—(20) can occur with N ?D in place of O1D, and essenti- 
ally similar remarks will apply, but much smaller coefficients will be of importance 
due to the great radiative lifetime of N *D. In addition there is 


N(?D) + O(?P) > N(4#S) + OFD) (21) 
with an energy excess of 0-41 eV. The reaction 
N(*P) + N,—> N(D) + Ny’ (22) 
may be important in deactivating N *P. 


3. Tue OI ForsrppEn LINES 


3.1. Observed relative intensities. Dr. W. PrTrige (private communication) 
gives the intensity ratio /(6300 + 64)/I(5577) as ‘0-40 for the region between the 
base and the level of maximum luminosity of steady homogeneous arcs (100- 
110 Km). He states that the value of this ratio remains constant for one minute 
or more. Since deactivation certainly occurs (cf. section 2.3) the lifetimes of the 
excited states will be considerably less than one minute and it therefore appears 
reasonable to assume that near equilibrium conditions are established. 

At the upper border, 125-135 Km, J(6300 + 64)/J(5577) varies between 
1:0 and 1-4 (VEGARD, 1938). We adopt the value 1-2. Mrtne. (1952) has pub- 
lished some very interesting results on the variation with angular elevation of 
the intensities of various spectral features. The following points may be noted: 

(i) The N,+ negative group, the N,* infra-red bands, the N, first positive 
group and the OI permitted lines, 47774 and 8446, all have nearly the same 
height-luminosity variation, which we will refer to as the main luminosity curve. 

(ii) With decreasing height from the upper border the intensity of the red 
[O I] lines 4 6300 + 64, increases much less rapidly than does the main luminosity 
and has a broad maximum at a height slightly greater than that of the main 
maximum. This suggests that deactivation becomes increasingly important with 
decreasing height. However, below the maximum the intensity of the red line 
decreases less rapidly with decreasing altitude than does the main luminosity. 
Since deactivation is unlikely to become less important below the maximum, this 
behaviour suggests that an additional excitation mechanism becomes important 
in this region. 

(iii) Above the level of maximum luminosity the green [OI] line, 4 5577, 
follows closely the main luminosity curve, but below this level the green line 
intensity decreases less rapidly with altitude, its variation being closely parallel 
to that of the red line. This behaviour is in agreement with the suggestion that 
an additional excitation mechanism for the [O I] lines becomes important at and 
below the maximum (100-110 Km). 

* O(1D), with an excitation energy of 1-96 eV, may have just sufficient energy to detach an electron 
from O~ (electron affinity = 2-2 + 0-2eV), giving reaction (20a). The reaction (20b) assumes the 
existence of an excited state of O- with near zero binding energy. The evidence for the existence of this 
state is by no means conclusive. 
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3.2. Electron excitation and deactivation with a Maxwell distribution of electron 
velocities. This has been discussed by BaRBIER (1948). For a given intensity ratio 
the equilibrium equations may be solved for n(e) as a function of Te). Table 2 
gives the solutions obtained for the lower border, using both the exact equations 
given by BaRBIER and the approximate equations of section 2.3. It will be seen 
that no serious error arises from the use of the approximate equations. 


Table 2. Maxwell distribution of electron velocities 
(6300 + 64)/I(5577) = 0-40 





Exact equations Approximate equations 





n(1D)/n(P) | P(5577)/n@P) n(e) n(1D)/n(?P) | P(5577)/n(3P) 





0-13 0-0030 1-1.108 0-16 
31,340 0-27 0-0063 3-6.107 0-28 
78,400 0-43 0-0098 2-3.107 0-45 

156,700 0-50 0-0114 2-3.107 0-52 























No solution exists for n(e) unless 7'(e) is greater than 104 °K. 


To account for the observed relative intensities it is seen that both n(e) and 
T(e) must be large, which leads to a high degree of excitation (n(O,1D)/n(O, *P)) 
and a high photon emission rate per oxygen atom (P(5577)/n(O, *P)). Taking 
n(O) at 105 Km to be 4-3.10!2 cm-3 (Bates and WITHERSPOON, 1952) and ¢t = 1, 
Table 2 gives 7 (5577) = 1:3 — 4-9.10%cm~-*sec"!. This is close to the extreme 
upper limit of paper 1 Table 2, and is certainly much brighter than the average 
display. 

We may conclude that the assumptions made, that only electron collisions 
are important and that the electrons have a Maxwell distribution, must be dis- 
carded as untenable. 

The assumption of a Maxwell distribution has previously been criticized by 
BateEs (1949) from a consideration of the processes determining the distribution 
function. He divided the electrons into an active group, with density n(eA), 
and a passive group, with density n(eP), according to whether or not they were 
capable of exciting and ionizing the atmospheric constituents. Equating the 
number entering the passive group to the number leaving, he obtained an equation 
which reduces to 

{n(eA)n(Tot.) = a... n(eP)? (23) 
when certain small terms are neglected. Here ¢ is the coefficient associated with 
the process of degradation from the active group (taken to be 10-’ cm* sec~), 
Gee, is the recombination coefficient (taken to be 10-*cm*sec™!) and n(Tot.) 
is the total particle density. From this it readily follows that n(eA) is much less 
than n(eP). We may put n(eP) = n(e), the total electron density, without 


significant error. 
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It is convenient to introduce two effective temperatures, 7'(eP) for the passive 
group and 7'(eA) for the active group. The value of 7'(eP) will be equal to or 
greater than the gas temperature. Since we are only interested in the deactivating 
effects of the passive electrons the exact value of 7(eP) is not important. .We 
adopt the value of 10° °K, giving for electron deactivation of O I, d, = 1-62.10-®n(e). 
Although 7(eA) has little physical significance, it is a convenient parameter for 
estimating the relative rates of various excitation processes. 

3.3. Deactivation mechanisms. Using the observed intensity ratios and 
equation (8), we may determine the values of the deactivation probability d, as 
a function of the excitation ratio, S,/S,. The results of this calculation are given 
in Table 3, together with the electron density required if electron deactivation is 
assumed to be the sole deactivation mechanism. 


Table 3. OT deactivation probability as a function of excitation ratio 





Lower border Upper border 
1(6300 + 64)/1(5577) = 0-40 | 1(6300 + 64)/1(5577) = 1-2 











For electron excitation the excitation ratio is given approximately by 


32 — 5-5 exp [(E, — By)/kT(eA))] (24) 
3 
Since the initial energy of the ejected electrons will be considerably greater than 
the energy required for excitation of the [O I] lines, it is probable that the number 
of electrons capable of exciting O1D is not much greater than the number capable 
of exciting O'S. We might therefore expect the exponential in (24) to be not 
much greater than unity. The possibility of a larger value cannot, however, be 
excluded;* S,/S, = 12-5 corresponds to k7(eA) = 2-7eV. For excitation by 
dissociative recombination we may assume &,/S, = 5 (section 2.5). 

In paper | it was concluded that electron densities between 10’ and 108/cm$ 
occur in bright high latitude aurorae. Comparison with Table 3 shows that 
electron deactivation may well be the dominant deactivation mechanism. In 
order to make a more final decision on the importance of this process it would be 
of great interest to study the variation of the intensity ratio with the brightness 
of the display and with the electron density determined from radar soundings. 

It may be noted that the values for d, obtained in Table 3 are consistent with 





* If deactivation of O'D by electron impact is important this will have some tendency to lower 
kT(eA). 
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the neglect of d, compared with A,, and A3, (assuming d, to be of a magnitude 
comparable to d,). There does not appear to be any observational evidence which 
suggests that d, is not negligible. 

There is some evidence for deactivation in the quiescent night sky,* when 
electron deactivation will certainly not occur. It is therefore of particular interest 
to see if deactivation by collisions with gas molecules could account for the auroral 
intensities. Using the particle densities of BATES and WITHERSPOON (1952) we 
consider the possibility of such collisions giving d, = 0-12 at 105 Km and 0-033 
at 130 Km. 

Deactivation by O, at 105 Km would require y,4,) to be 6-5.10-%. This is 
more than 103 times the VeGaRD and KvirTE value, but in view of the discussion 
of section 2.8 it can hardly be dismissed as impossible. However, deactivation by 
O, would decrease very rapidly with altitude and it cannot, therefore, be the sole 
mechanism of importance. 

Deactivation by N, would require y,,,) to be 5.10-° at 105 Km and 1-4.10-4 
at 130 Km. In view of the highly forbidden nature of (17) these probabilities 
appear to be rather large, but again it is not easy to dismiss them as impossible. 

Deactivation by O- is of particular interest since there is some evidence 
(StoRMER, 1937; VEGARD, 1936), that the oxygen red lines are enhanced in sunlit 
aurorae, for which the O- concentration would be greatly reduced. An upper 
limit for the number of deactivations which can occur through the reactions (20) 
is given by thé rate of production of O- through the reaction 


OP) +e>O-+ hy (25) 


The latter rate is yn(O, ?P)n(e), where the most probable value for 7 is, according 
to Barres and Massry (1947), 1-1.10-15 cm’ sec. Since the upper limit for the 
deactivation rate is proportional to n(e), we consider the condition for deactivation 
by O- to be more rapid than electron deactivation. This condition is 


yn(O, >P) > a§,n(O, 1D), (26) 


which limits the value of n(O,!D), and hence the total brightness. The number of 
red line quanta per cm? column per sec is 7(6300 + 64) = 10°tA,,n(O,1D). De- 
noting the ratio (6300 + 64)/1(5577) by r, and putting 7 = 1-1.10-1> em sec“! and 
a, = 1-62.10-% cm sec~!, the condition (26) gives 


1(5577) < 5.10-4n(O, 3P)t/r (27) 


For ¢ = 1 this gives 7 (5577) < 5.10® at 105 Km and <2.108 at 130 Km. Com- 
parison with Table 2 of paper | shows that O~- deactivation could only be im- 
portant at 105 Km for the faintest aurorae. For 130 Km the upper limit is com- 
parable to the night sky brightness. We may conclude that deactivation by O- 
will in general be less important than electron deactivation, but it is just possible 
that removal of O- in sunlight could be responsible for some enhancement of the 
red lines for the faintest aurorae. 


* This will be further discussed in a later paper. 
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3.4. Excitation mechanisms. We consider first the intensity resulting from 
electron excitation. The most direct approach is provided by considering the rate 
of production of active electrons, g(¢A) and the processes responsible for their 
degradation. We assume that one active electron is produced for each N,* N.G. 
quantum emitted, and since other ionization processes will also contribute, q(eA) 
must be at least as great as the emission rate of N.G. quanta, P(N.G.). It was 
shown in paper | section 4.2 that P(N.G.) ~ 10P(5577), giving q(eA) > 10.P(5577). 

The cross sections being of order gas kinetic, electron excitation of OI will 
be one of the major mechanisms responsible for the degradation of the active 
electrons. Although other processes will compete, the most important being 
electron excitation* of N,, each active electron will have initially sufficient energy 
to excite O I forbidden lines several times. We may therefore estimate that the 
number of O I forbidden line excitations per active electron will be of order unity, 
and that the total OI excitation rate due to electron impact will be of order 
10 P(5577) or greater. 

It is seen that the estimated excitation rate is greater than the observed 
emission rate. This is to be expected, due to deactivation effects. With electron 
excitation the excitation rate is equal to or greater than 6-5 P(5577) (cf. (24)). 
It may be concluded that electron excitation is in general sufficient to produce 
the observed [O I] emissions. 

Above the level where oxygen is mainly in the atomic form it is difficult to 
see what mechanism other than electron excitation could be operative. However, 
it has already been pointed out in section 3.1 that there is evidence for an addi- 
tional mechanism becoming important at the lower border (90-100 Km (BERKEY 
and GARTLEIN, 1952)), which is the region where the molecular oxygen density 
becomes large. We consider the possibility of identifying this mechanism with 
the dissociative recombination reaction (12). 

This reaction gives two oxygen atoms per recombination, and assuming the 
average distribution of these among the ground configuration terms to be in the 
ratio of the statistical weights, we obtain for the photon emission rate in .the 
green line due to this mechanism 

2 


P(5577 | O.*) = 15 q(0,*) (28) 


Although O,+ bands have been identified in the auroral spectrum (PETRIE and 
SMALL, 1952a; GaRTLEIN and SHERMAN, 1952), no intensity estimates from 
which the O, ionization rate, g(O,*+), could be estimated appear to have been 
published. We may make a provisional estimate by assuming that O, and N, 
have equal ionization probabilities, giving 


q(O.*) = q(Nq*)n(O2)/n(N 2) (29) 


Taking g(NV,+) > P(N.G.) this gives 
P(5577 | O,*) ney. n(O, 


P(N.G.) ~ 15 n(N,) (30) 





* The N, 2nd P.G. is probably excited mainly by electron impact (PETRIE and SMALL, 1952b). 
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The observed ratio may be taken as before to be P(5577| Obs.)/P(N.G.) = 0-1. 


We obtain finally 
P(5577| Ont) 20 n(0;) 
P(5577| Obs.) ~ 15 n(N,) 
The densities of BATES and WITHERSPOON (1952) give the following values: 
Table 4 





| 
Height | 20n(0.) 
Km | 15 n(N,) 


0.046 
0.28 
0.33 


| 





It is seen that dissociative recombination appears to be capable of accounting 
for at least a third of the observed emission at the lower border, and may well 
account for practically the whole emission. Its effectiveness will, however, decrease 
very rapidly above the lower border. 

In discussing the excitation and deactivation mechanisms we have assumed 
the red and green lines to originate from the same regions in space. This may not 
be strictly true, since the highly excited regions responsible for the main luminosity 
may be embedded in more extensive regions containing a lower density of moderate 
energy electrons. Such regions would give preferential excitation of the red lines 
due to the larger electron excitation value of S,/S, and to the smaller electron 
deactivation probability. To make further progress it would be of great interest 
to observe the intensity variations in horizontal cross sections across auroral 
forms. MEINEL (1952) states that the red line intensity is not well correlated 
with auroral forms but is smeared out over large regions of the sky. While this 
may well be correct it is not clear whether the observations of MEINEL establish it. 
Apparently he considered only the intensity variation in vertical cross sections, 
which may be largely determined by the altitude variation of excitation and 
deactivation mechanisms. 

It would also be of great interest to observe the variation with time of the red 
to green intensity ratio. Here again we might expect that the red lines would 
increase relative to the green in the later stages of a display due to an increase 
of S,/S, and a decrease in electron deactivation. 


4. Tue NI Forsippen LINEs 
4.1. Observed relative intensities. The relative intensities of the [N I] lines are 
much less certain than those of the [O I] lines. This is partly a consequence of 
the fact that 4 5199 is a faint feature and that 4 3467 is in a region where the ultra- 
violet correction factor is large. Additional uncertainties arise from the fact that 
the intensities vary, relative to the main luminosity, both with altitude and 


with time. 
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VeGARD and Kvirre (1945) give the uncorrected intensity [,(3467) to be 3-0; 
using the correction factor f, we obtain a corrected intensity* [,(3467) = 120. 
The variation of /(3467) with altitude has been studied by BERNARD (1941) 
who found /,(3467) to vary by a factor of 10, relative to [9(3914), between the 
base and the summit. It was also found that the forbidden VEGARD-KapLan 
bands (V,, 4° — X !X) varied in a very similar way. While some variation might 
arise from incomplete allowance for atmospheric absorption, there can be little 
doubt that these results indicate a real variation in the emission rate. The most 
obvious interpretation is that there is appreciable deactivation at the lower 
altitudes for both 4 3467 and the VEGARD-KAPLAN bands. 

GARTLEIN and SHERMAN (1952) report that 45199 appears rather late in the 
display, when nitrogen bands and N II lines have been strong, that it persists as 
the rest of the spectrum dies away, and that /(5199) rarely exceeds (4708) 
(V,* N.G.: 0,2). Using the corrected VEGARD and KvIFTE intensities we estimate 
that /(5199) rarely exceeds 14. The variability of (5199) is confirmed by Dr. 
D. M. HunTeEN (private communication) who states that, while /(5199) is com- 
parable to 7(5228) (N,* N.G.; 0,3) on photographic plates with exposures of an 
hour or two, it has not been detected using a high-speed photo-multiplier (7(5199) 
probably less than one tenth of /(5288)). Making some allowance for the vari- 
ability of this line, Dr. W. Perrrig (private communication) estimates that 
1(5199) = 1-5. 

In discussing the theoretical interpretation we will use both the corrected 
and uncorrected VEGARD and KvIFTE values for /(3467) and PETRIE’s estimate 
for 1(5199). 

4.2. Deactivation mechanisms. In Table 5 we give d, as a function of S,/S, 
and the corresponding values of n(e) for electron deactivation, using both the 
corrected and uncorrected VEGARD and KviFTE values for /(3467) and neglecting 


Table 5. N I deactivation probability (d,) as a function of excitation ratio 





With u-v correction 


I(5199)/I(3467) = 0-0125 


Without u-v correction 
I(5199)/I(3467) = 0-5 


| 





| 
— hon 
| 
| 
| 


¢ 
n(e) cm-3 d, sec~1 n(e) em-3 


| 

| 

| co 
0-00019 22.108 | 0-0079 | -g-3,108 
0-00039 4-6.10° 0-016 1-9.107 
000053. =| ~—-63.108 0-022 | 92.107 
0-00072 8-6.105 0-029 3-5.107 


dy sec} 











1. 





d,. For similar mechanisms the S,/S, ratios to be expected for NI are smaller 
than those for OI; the value 10/6 corresponds to the statistical weight ratio and 
2-56 corresponds to electron excitation with kT(eA) = 2-7 eV. 


* With this value for /(3467), relative to 1(5577) = 100, the infra-red lines of [N I] at A 10407, 10398 
would have an intensity of nearly 600. 
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Without the ultra-violet correction factor the values of d, for NI are much 
less than the values for O I given in Table 3, and the calculated electron densities, 
which represent upper limits, are seen to be improbably low (paper 1, section 3). 
If these values of n(e) were accepted it would be necessary to postulate a deacti- 
vation mechanism for OI, other than electron deactivation, which was not 
effective for N I. This again appears to be improbable. In general it appears to 
be very difficult to account for the observed intensities if the ultra-violet correction 
is not used.* The only explanation which weuld appear at all plausible would be 
to assume that a reaction such as (22) gives a very large value for d,,, which would 
be equivalent to adopting a value of S,/S, much greater than the values in Table 5. 
It would, however, be necessary to postulate an unexpectedly large cross section 
for (22), and in addition it would not be at all clear why the intensities of the 
Vegard-Kaplan bands should vary in a similar way to /(3467). 

With the correction factor the values of d,, and the calculated electron densities, 
are in reasonable agreement with those obtained for O [. With these densities the 
neglect of d, and d,, is not entirely justified. In Table 6 we give n(e) for electron 
deactivation, including the d, and d,, terms. The values obtained are in close 
agreement with the values for the lower border given in Table 3 for electron 


deactivation of O I. 
Table 6. N I electron deactivation with d, and dy. terms 
(allowing for u-v correction) 





n(e) em-3 





1-2.107 
3-6.107 
10/6 7-1.107 
2-56 2-3.108 








A reduction in /(3467) by a factor of 10 in going from the base to the summit, 
suggested by the observations of BERNARD, could be obtained if n(e) was 3-5.108/em4 
at the base and 1.107/em’ at the summit. Values of this order appear to be possible 
for a bright display. 

It may be concluded that electron deactivation appears to be capable of 
accounting for the main features of the relative intensities. 

4.3. Excitation mechanisms. In discussing excitation mechanisms we will use 
only the corrected intensity for 2 3467. 

We consider first the possibility that both the [O I| and [N I] lines are excited 
and deactivated by electron impact. The equations of equilibrium give 

( A 3143 
1(3467) 5577 \Ayy + Age + (a) + a%0)n(e)/ yy nN) as 
1(5577) 3467 © | hinh. " n(O) al 
‘As, + Age + (a5, + a§o)n(e)/o1 


* It was this problem which first led the author to examine the possibility of a systematic error in 
the ultra-violet intensities. 
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Substituting numerical values we obtain 


I(3467) — 1 + 1-3.10-%n(e) n(NV) (32) 


1(5577) =~ «1 + 2-5.10-8n(e) ° n(O) 

where we have assumed that the number of electrons capable of exciting 
NI 2P(E£, = 3:56 eV) does not differ significantly from the number capable of 
exciting OI1S(H, =4:17eV). Table 7 gives calculated values of n(N)/n(O) 
obtained with /(3467)//(5577) = 120/100. Very similar results may be obtained 


on putting /(5199)/7(6300 + 64) = 1-5/40. 
Pp g 


Table 7. n(N)/n(O) for electron excitation 





| n(N)/n(O) 





Assuming the chemical composition of the atmosphere at auroral levels to be 
the same as at ground level, and that nearly all the oxygen is dissociated (BATES 
and WITHERSPOON, 1952), complete nitrogen dissociation would correspond to 
n(.V) n(O) = 4-0. It is seen that a very high degree of nitrogen dissociation would 
be required if the [N I] lines were excited by electron impact. This appears to 
be improbable on theoretical ground (BaTEs, 1954), and if most of the nitrogen 
were in the atomic form it would be difficult to account for the great intensities 
of molecular nitrogen bands in the auroral spectrum. 

The other obvious possibility is that dissociative recombination is responsible 
for exciting the [NI] lines. Assuming as in 3.4 that g(N,+) > P(N.G.), that 
P(N.G.) = 10.P(5577) and that the atoms produced by (13) are distributed 
among the ground configuration terms in the ratio of the statistical weights, we 
obtain S,(N I) > 6.P(5577). The calculated lower limits for /(3467) are given in 
Table 8, allowing for electron deactivation. 


Table 8. I(3467) due to dissociative recombination 





n(e) em-3 Lower limit for I(3467) 
(I(5577) = 100) 








Recalling that g(V,*) will be somewhat greater than P(N.G), this mechanism 
appears to be capable of accounting for the observed intensity, /(3467) = 120. 
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4.4. Variations throughout the display. As mentioned in section 4.1, A 5199 
appears to be enhanced relative to other features in the later stages of a display. 
It is readily shown to be very unlikely that dissociative recombination could give 
a sufficient increase in n(N) to influence the importance of electron excitation. 
It is much more likely that the relative enhancement of 4 5199 is a consequence 
of electron deactivation. We would expect the intensity of any feature for which 
electron deactivation is important to vary as n(e), whereas without deactivation 
we would expect the intensity to vary as n(e)?. This difference could account for 
a relative enhancement of / 5199 as n(e) decays. 


5. ForBIpDDEN OII anp NII LIngs 


5.1. The [O II] lines. Several workers (VEGARD and KvirrTe, 1945; BARBIER 
and WILLIAMS, 1950) have suggested that a faint auroral line at 3727 A could 
be identified with the forbidden ?D — 4S transition of [O II], which has the very 
low transition probability of A = 7-7.10-* sec"! (GARSTANG, 1952). PETRIE (1952) 
has recently criticized this identification, since he finds that the O[II] ?P — ?D 
lines at 2 7319, 7330 A are definitely missing despite their much larger A value of 
0.135 sec! (PASTERNACK, 1940; GaRsTANG, 1952). We may discuss this further 
by considering the excitation rate, S,(O II) which would be required. VEGARD 
and KvirtEe (1945) give J,(3727) = 1-0, corresponding to /,(3727) = 20. The 
most instructive procedure is to compare S,(O II) with S,(O 1), taking 7(6300 + 64) 
= 40 and assuming electron deactivation (SEATON, 1953b). Table 9 shows that 
this identification would require S,(O II) to be several hundred times larger than 
S,(O 1), which appears extremely improbable, and confirms PETRIE’s view that 
the feature at A 3727 is not due to [O II]. 


Table 9 





{ 


| S(O IL)/S,(O I) required if 
n(e) cm-3 | 23727 is identified with [O II] 
2D + 48 





5.2. The [NIJ] lines. Prrriz (1952) reports a sharp atomic feature at 
A 5755 and points out that the identification of this with [N II]1S + 1D (A = 1-08 
sec!) would be consistent with the absence of the [N II] }D— *P lines at 
A 6548, 6584, which have the much lower A-value of 0-:0040 sec"? (GARSTANG, 1951). 
He suggests that NII 1S may be populated by simultaneous ionization and 
excitation* of N1I?D giving NII'S and other NII singlet states which will 


* PerRiE remarks that simultaneous ionization and excitation of the NI‘S ground state cannot 
give NII singlet states. This is not true for ionization by electron impact, for which the singlet states 


can be formed without violation of the spin conservation rule. 
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cascade to 18. This mechanism does not appear very convincing, since N I 2D is 
a comparatively rare constituent, its density being unlikely to exceed 10-4 times 
the total particle density. A more promising mechanism is provided by (2), 
dissociative ionization of N,. 

Dissociative ionization would be expected to produce excited N I and excited 
N II at comparable rates. Since the excitation rates required for the forbidden 
[N I] lines are much greater than the rates required for the [N II] lines, it is 
considered improbable that (2) is important as an N I excitation mechanism. 

5.3. The[OIII\lines. Metnet (1951) has pointed out that identification of a 
feature at 25007 with the [O III] nebular line 1D + *P, must be rejected, since 
the other member of the doublet, 2 4959 1D + 3P, has never been observed. 


6. CONCLUSIONS 
We summarize briefly the processes which are considered most likely to be of 


importance: 

(i) At and above the level of maximum luminosity the [O I] lines are excited 
by electron impact. 

(ii) Below the level of maximum luminosity dissociative recombination of 
O,+ contributes to excitation of the [O I] lines. 

(iii) The [N I] lines are excited by dissociative recombination of N+; electron 
excitation is less likely to be of importance. 

(iv) Both OT and NI metastable states are deactivated by electron impact. 
Deactivation resulting from collisions with gas molecules is less likely to be of 
importance. 

(v) The only other forbidden atomic line for which the identification is not in 
doubt is [N II] 4S + 1D at 4.5755. This could be excited by dissociative ionization 


of No. 
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The variation of electrical conductivity of air within sealed rooms 


L. G. SmirH and G. F. ScHILLING 
Institute of Geophysics, University of California, Los Angeles 24, California 


(Received 3 October 1953) 
ABSTRACT 
The electrical conductivity of air within sealed rooms has been found to increase regularly, with some 
fluctuations superimposed, towards a limiting value. This variation is compared with SCHWEIDLER’S 
theory of ion-equilibrium and the increase in conductivity attributed to a decrease in Z, the total con- 
centration of nuclei. It is deduced that the rate of change of Z can best be represented by 


where y is @ constant with the value 2-5 x 10-7’ cm*/? sec-!. This equation is shown to be close to that 
obtained by Nouan from diréct observations of nuclei. 


1. INTRODUCTION 


The observations of the electrical conductivity of air within sealed rooms which 
are discussed in this paper were obtained incidentally in the course of an investi- 
gation of atmospheric electrical parameters. Though not representing an ex- 
haustive study they were felt to be of considerable interest as showing a new 
approach to investigations of ion-equilibrium in the atmosphere and the possibility 
of extension to other problems. 

Results of three experiments will be discussed. As will be shown, however, 


the first one was not carried to its logical conclusion and has to be regarded as 
incomplete. 
2. EXPERIMENTAL DETAILS 


The conductivity meter used in these experiments is of the type originated by 
GERDIEN, with the electrical system modified to give a continuous record of 
atmospheric conductivity. The calibration of the instrument is known accurately. 
The value of the polar conductivity will be quoted in reciprocal ohm-meters 
times 10-15 and called “units” except when otherwise stated.* 

The first two experiments were performed in a room on the second floor of a 
building on the campus of the University of California in West Los Angeles. 
The approximate dimensions of the room are: 9 m long, 6 m wide, and 4 m high. 
The room is normally used as a workshop and contains much equipment. A third 
experiment was performed in an adjacent room, the dimensions of which are: 
4m long, 2 m wide, and 4m high. This room had not been occupied at any time 
since construction of the building and was free from equipment, except for a table 
and bench. The ventilation system was switched off and the vents and the door 
sealed for the periods of the experiments. 


3. OBSERVATIONS 


The variation of the positive conductivity with time during the three experi- 
ments is shown in Fig. 1. In the case of the first experiment the room was unsealed 





* (e.s.u. x 10-4) = (Q-'m- x 10-15) x 0-09. 
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after a period of 18 hours 35 minutes. The increase was linear from an initial 
value of 3-1 units to a value of 36-7 units at the time of termination, a mean rate 
of 1-81 units per hour. The maximum deviation from the best linear relation is 
0-7 units. 
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Fig. 1. Variation of positive conductivity within sealed rooms. 


The record showed small, rapid fluctuations (‘“noise’’ in form of spikes of 
the duration of seconds) which increased in amplitude from about 0-5 to 1-0 units 
as the mean value of conductivity increased. When the room was unsealed, 
the conductivity decreased suddenly. 

During the second experiment, the initially linear increase of conductivity 
changed later to an approximately assymptotic rise. A maximum value of 97-0 
units had been reached after 68 hours when the experiment was terminated. It 
can be seen in the figure that irregularities occurred during the increase, but no 
change in the general character of the assymptotic approach is evident. The 
record again showed small, rapid fluctuations (noise) increasing steadily in ampli- 
tude from 0-4 units to 1-5 units. When the room was opened the conductivity 
fell within ten minutes and then continued the type of diurnal variation normally 
observed in the room. 

The third experiment was performed in a much smaller room, but the figure 
shows that the general result is surprisingly similar to those of the previous 
experiments. The door was pounded 94 hours 45 minutes after the initial sealing 
of the room causing a fall of conductivity by 2-3 units. The door was pounded 
again 4 hours 35 minutes later producing an immediate decrease of 2-0 units 
(see short arrows in Fig. 1). After some irregularities during the subsequent hours 
the conductivity increased again to the approximate maximum value previously 


noted. 
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142 hours 40 minutes after the start of the experiment, the door was partly 
unsealed by removing a strip of tape 25cm long. The conductivity began to 
decrease rapidly and continued so until the room was resealed 5 hours later. 

The experiment was finally terminated after a total period of 165 hours. The 
rapid fluctuations (noise) did not show the regular increase in amplitude that was 
noted in the previous experiments, but showed frequently a small variation in 
amplitude with a period of about ten minutes. 


4, Discussion 


4.1. General considerations 


The experiments showed that the conductivity of air in a completely sealed room 
increases (with some irregularities) as though towards a certain limiting value. 
The rate of increase decreases as this value is approached. 

The rates of increase during the first twenty hours were as follows: 


Experiment 1: 1-8 units per hour 
Experiment 2: 2-4 units per hour 
Experiment 3: 2-3 units per hour 


Consistency of these values is such as to prohibit any close association with 
differences in the experimental conditions. Whereas experiments 1 and 2 were 
performed in a room of 216 m? volume, experiment 3 took place in a totally 
different room of 32 m* volume. Yet the initial rates of increase in experiments 
2 and 3 are identical within possible instrumental errors. 

All three records of conductivity show irregular variations in form of hour-to- 
hour fluctuations superimposed upon the general character of the curves. These 
fluctuations become larger as the conductivity approaches the limiting value. 
The amplitudes of the rapid fluctuations show a small increase during the earlier 
period but irregular behaviour when the limiting value is approached. 

The importance of completely sealing the room was shown, in the third experi- 
ment, by the effect of partially unsealing the room. The conductivity fell at a rate 
which would have reduced it to the initial value within 15 hours. Since it has not 
been established that the rooms were sealed completely air tight, the possibility 
exists that some of the fluctuations were due to a partial exchange of air. How- 
ever, it is conceivable that they represent inhomogeneities in the conductivity 
rather than changes in the mean value. 


4.2. The cause of the increase in conductivity 


It follows from the definition of polar conductivity, 4, and of the mobility of ions, 
k, that 
A, =n ek, (1) 


where 7 is the concentration of ions and e is the average charge per ion, assumed 
to be equal to the electronic charge, a universal constant. 

An increase in conductivity such as was observed in the present series of 
experiments could be interpreted, therefore, as being due to an increase in the 
concentration or in the mobility of the ions, or both. Since there is no evidence 
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that the mobility would change systematically, we shall attribute the change to 
variations in the concentration of ions and consider why this should increase 
towards a limiting value. 


4.3. The role of nuclei 


The equilibrium number of ions in a given space is determined by a balance 
between the production and removal of ions. In the free atmosphere small 
ions are produced by various radiations and are removed by two processes: 
(a) recombination and (b) combination with nuclei, both charged and uncharged. 
The balance equation for small ions of either sign is then: 


q = an? + 7Nn + oN on (2) 


where q is the rate of production of ion-pairs, « is the recombination coefficient 
for small ions, n, N, and N, are the concentrations of small ions, of charged nuclei 
of either sign (large ions), and of uncharged nuclei, and 7 and 7, are the combina- 
tion coefficients between small ions and charged and uncharged nuclei respectively. 

SCHWEIDLER (1918;1919) has shown, by considering a similar equilibrium for 
nuclei, that the above equation can be expressed in the form 


gq = an* + BZn (3) 
where f is a quasi-combination coefficient defined by 


2 on 
a on 3 
(no + 1) a 


and Z = (N, + 2N) is the total concentration of nuclei. 

Although equation (3) explains qualitatively the variation of conductivity 
observed in the atmosphere, it has been reported to be inadequate quantitatively. 
This may be due in part to the difficulties of making accurate measurements of 
the variables involved and to uncertainty in the value of 8. In the absence of any 
definite evidence to the contrary we shall proceed on the assumption that it is 
correct. 

In that case the increase in the concentration of small ions can be explained as 
an increase in the rate of production of ions or as a decrease in the concentration 
of nuclei (or both effects), neglecting, for the present, any possibility of variation 
in « and f. In the experiments in sealed rooms there is no reason to believe that 
the rate of production of ions increases systematically; we consider, therefore, 
the increase in conductivity to be due primarily to a decrease in the nuclei 
concentration. 


4.4. The limiting value of conductivity 
The ion concentration, ,,, corresponding to elimination of all nuclei, is given by 


q = an’, (4) 


Thus, knowing the limiting value of conductivity, we can find n,, from equation (1) 
and hence compute the rate of production of ions. In practice the limiting value 
is not known exactly, but a lower limit for the value of g can be determined from 
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the maximum value of conductivity observed during the experiment. The maxi- 
mum values were 97:0 units and 99-5 units in experiments two and three, respec- 


tively; whence, using the following constants: 
a = 1-6 x 10-* cm? sec"! 
e = 1-6 x 10-!® coulomb 
k = 1-4 cm per second per volt per cm 


we find the rates of production are, at least, 29 and 30 ion-pairs per cm* per second 


in the two cases. 

The normal value in the atmosphere is considered to be about 10 ion-pairs 
per cm® per second. A test in which the conductivity apparatus was converted to 
an ionization meter by sealing the ends of the outer tube showed a rate of 30 
ion-pairs per cm® per second in the laboratory room (not sealed). A further 
experiment in which a cage of wire gauze was used as the ionization chamber gave 
a value of 38 ion-pairs per cm® per second. It appears, therefore, that the rate of 
production of ions is unusually high in the rooms used for the experiments. 


4.5. The variation of nucleus concentration 
Substituting in equation (3) the value of g given by equation (4), and rearranging 
we have 


(5) 


The values of 6Z have been computed for each hour of experiments two and 
three, and it has been found that the variation of Z during these experiments 


can be represented by 


(82) — (82), = © (6) 


where ($Z), is the initial value of Z(t = 0) and ¢ is a constant having the value 
1-8 x 10-4 sec-?. 

The variation of conductivity corresponding to this variation in BZ is entered 
as curve 4 in Fig. 1. It shows good agreement with the initial part of the third 
experiment and shows the tendency towards a limiting value. 

The equation can also be represented in differential form by 


= —$(6Z)°” (7) 


4.6. The value of B 
The equations derived above, representing the decrease in nucleus concentration 
in sealed rooms, cannot be compared with direct observations obtained by others 


until some value is given to #. 
Values of 7, and 7, computed by Notan and Kennan (1949) for nuclei of 


different radii, are given in Table 1 together with the value of 8 derived from them. 
It is seen that there is a roughly linear relation between # and the radius of the 


nuclei. 
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If the nuclei retain the same average size during the course of the experiment, 
6 will remain constant. However, there may be a systematic change in the average 
size of the nuclei, for example by a selective diffusion process or by coagulation. 


Table 1 





Radius (cm) Np (cm3 sec!) | x (cm3 sec-1) | B (cm sec-1) 





1:0 x 10-6 0-28 x 10-8 2:7 x 10-8 0-47 x 10-6 
2-0 1-0 3°4 1-3 
3-0 2-0 4:4 2-1 
4:0 3-2 5-6 2-9 
5:0 4-6 7-0 4-0 
6-0 5-9 8-3 4-9 














In the latter case of coagulation (with no diffusion to the walls) the radius of the 
nuclei (and hence #) will be proportional to Z-1’3, 

Equation (7) becomes: 
for B constant, 


dZ 
piace = 
a yZ (7a) 


for 8 proportional to Z-1’3, 


dZ 
3 = Vee (7b) 


The difference between the exponents of Z in the two cases is relatively small 
although Z changes over a large range. It is concluded therefore that no serious 
error can be introduced into equation (7) by making the simplifying assumption 
that f is a constant during the experiment. We shall assume the value 2 x 10-® 
cm’ sec-!. This is the value in Table 1 corresponding to nuclei of radius 3 x 10-6 
em, found by Notan and DoHERTy (1950) to be the average size of atmospheric 
nuclei. 
Substituting this value for # in equation (7) we have 
dZ 


eee Ca = ge 
a yf (7a) 


where y is a constant with the value 2-5 x 10-? cm3/? sec-!. Curve 4 then repre- 
sents a decrease in concentration from 30,000 to 200 nuclei per cm’, 

Further observations were clearly needed to confirm certain assumptions 
which have been made in this section. Conductivity tests in a smaller room using 
a dust precipitator were found to be in general agreement with the explanation 
given above in terms of the reduction in concentration of nuclei. Actual measure- 
ments of large ions and nuclei concentrations which would have given a direct 
check were beyond the scope of the investigation. 


319 





L. G. Smite and G. F. ScHILuine 


5. CONCLUSIONS 
The disappearance of nuclei in a closed vessel has been investigated by NoLan 
(1941) and by Notan and Kennan (1949). They find that the deerease in con- 
centration of nuclei can be represented by 


Om = — (pf? + of) (8) 
t 
where p and o are constants. The pZ? term, which predominates at higher con- 
centrations, they consider to represent loss of nuclei by coagulation and the oZ 
term, which is the more important at lower concentrations, to represent loss by 
diffusion to the walls. The experimentally determined values of p and o are 
stated to be in close agreement with theoretical values. 
The corresponding relation deduced from the observations made during the 
present investigation is 
dZ 


—- 
dt yZ (7a) 


This equation shows a similarity, in its dependence on Z, with equation (8). It 
does not seem possible to decide whether equation (8) would better represent the 
present observations. 

A comparison is made in Table 2 between actual rates of decrease of nuclei 
concentration as given by the two equations. The values of the two constants in 
equation (8) corresponding approximately to the conditions of the present experi- 


ment are, from NOLAN (1941) 


p = 2 X 10-* cm? sec" 
o = 6 x 10-* sec"! 


The rates of decrease are given for three values of Z. The close agreement for 
the larger values of Z is probably fortuitous considering the uncertainty in values 
of the constants but the comparison is, nevertheless, remarkable and supports 
the interpretation discussed above. 


Table 2 





—dZ/dt 





Z 
Equation (7a) Equation (8) 
cm-3 em-3 sec-} 





104 2-5 » 2-6 x 10-1 
103 ‘0 x 8-0 x 10-3 
102 2-5 x 10 0-6 «x 10-3* 











* These values obtained by extrapolation. 
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The volume of the gasholder in Nouan’s experiments was 0-33 m®, whereas 
the present experiments were performed in rooms 216 m® and 32 m3 in volume, 
and under rather different conditions. This indicates that the principal factor, 
whatever it might be, determining the disappearance of nuclei is a property of the 
nuclei themselves rather than of the environment. 

The importance of the present investigation is not, however, that a method 
has been found of studying the disappearance of nuclei, but that a new approach 
has been found for studying the equilibrium of ions in the atmosphere. The presence 
in the sealed room of an instrument which would measure large-ion concentrations 
as well as one to measure small ions (or air conductivity) could lead to a complete 
evaluation of the equation of ion-equilibrium. The complications due to the 
presence of the apparatus, in this case, on the closed room system could be elimi- 
nated by suitable instrumental arrangement. Such experiments may also make 
possible the quantitative determination of turbulent diffusion coefficients under 
controlled conditions. 
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Radio echoes observed during aurorae and geomagnetic storms 
using 35 and 74 mc/s waves simultaneously 
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Kjeller, Norway 
(Received 11 November 1953) 
SUMMARY 
Observations have been made at Kjeller (near Oslo) and at Tromsoe (near the auroral zone) using pulse 
transmitters operating simultaneously on 35 and 74 Mc/s. These transmitters were supplied from 


common pulse modulator and HT units and gave 25 kw output into geometrically similar, rotatable, 
Yagi aerial systems. The echoes received were displayed on a twin beam oscilloscope with a common 


time sweep. 

The iain of echoes was closely connected with geomagnetic and auroral activity but there was 
no correlation between the position of the aurora in space and the range of the echoes. Further, when 
the aerials were pointed at intense auroral forms no echoes were received. Echoes could only be 
observed when the aerials were directed at a low angle of elevation towards the North. It is concluded 
that these echoes are not due to direct scatter from the ionosphere or from auroral structures, as assumed 
previously, but can only be explained as back scatter from land or sea after reflection at an intense 
E, layer formed along the auroral zone during aurorae and geomagnetic storms. An analysis of the 
characteristics of the echoes and the differences in the echo ranges on 35 and 74 Mc/s support this 
hypothesis. Different types of echoes are described and the results of polarization measurements sum- 
marized. Correlation in time between the echo amplitudes is studied by means of double pulse modu- 
lation, the time interval between the pulses being variable. Possible passive radiation from the aurora 
in the 10 em band could not be detected with the equipment available. 


1. INTRODUCTION 


Considerable attention has been paid during recent years to echoes from the 
ionosphere observed in the VHF-band. In a number of cases echoes have been 
recorded simultaneously with the appearance of aurorae during geomagnetic 
storms. Years ago scattering from the ionosphere during a strong auroral 
display has been observed in Tromsoe (HARANG and STROFFREGEN, 1940) on 
41 Mc/s. After the war a number of observers at more southern latitudes have 
observed echoes in the VHF-band during disturbances. In Manchester, scattered 
echoes have been recorded on a number of occasions using the echo-recording 
equipment for meteorite studies. LOVELL, CLEGG and ELLYETT (1947) observing 
on 46 and 72 Mc/s, recorded echoes partly on 46 Mc/s and partly on both frequen- 
cies. The echoes were described as an “increase in the noise level’’ in the range 
450-600 km. AspinaLL and Hawkins (1950) observing on 72 Mc/s reported scat- 
tered reflections during auroral displays. In Canada, CurRIE, ForsyTH, PETRIE and 
VAWTER (1953) observing in Saskatchewan on 56 and 106-5 Mc/s, recorded per- 
sistent and well-defined echoes whenever bright auroral arcs and bands were located 
in the direction towards which the primary beam was directed. In Kiruna (northern 
Sweden), HELLGREN and Mzos (1952) have recorded echoes on 30-3 Mc/s using a 
three-element Yagi antenna rotating in the horizontal plane. A close correlation 
between the appearance of echoes and simultaneous auroral activity was observed, 
the extensive material covering one year’s observations. 

Recently Currie, ForsytH and VAWTER (1953) have given a discussion of 
their observations from Saskatoon on 56 and 106 Me/s, covering a period of 
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observations of almost two years, from 1949 to 1951. The observations were 
made using antennas rotating in the horizontal plane. The distribution of ranges 
with azimuth when plotted on an horizontal plane was similar to the distribution 
given by Hellgren and Meos for Kiruna. CuRRIE et al. also point out that the 
ranges of the echoes on the higher frequency 106 Mc/s usually have greater values 
than the ranges recorded on 56 Me/s. 


2. INSTRUMENTAL EQUIPMENT 


In the present investigation all observations of echoes were made on two fre- 
quencies simultaneously. The positions of aurorae occurring during the experi- 
ments were either observed visually or photographed. Polarization tests were 
made. In some cases double pulses were transmitted, the time difference between 
the two pulses being made variable in order to measure the correlation in time 
between amplitude variations. 

The transmitters, one on 35 and the other on 74 Mc/s, had a common HT-supply 
and common pulse generator. The relative powers and shape of pulses on the two 
frequencies could therefore easily be maintained constant. The repetition frequency 
was 50 c/s, locked to the mains. The pulse width could be varied from 8 to 60 ys, 
usually a pulse width of 23 or 40 ws was used. The pulse generator consisted of two 
separate pulse channels and double pulses were available. The separation in time 
between the two pulses could be varied. The antennas consisted of three-element 
Yagis with a gain 8db above a dipole (at Kjeller, six-elements), which were 
mounted on a common frame. The 9 and 4 m antennas thus always had identical 
field of views. The antennas could be turned in a vertical plane, which was lying 
in N-S direction. During normal recording conditions the antennas were directed 
towards north at a low angle. When aurorae appeared the antennas were directed 
towards the luminous parties of the displays, and it was possible to have in the 
field of view of the antennas the gradual development of an arc appearing low on 
the Northern horizon, to bands and draperies with increasing elevations until 
strong draperies and corona appeared overhead. 

During normal recording conditions the plane of polarization of both the 
transmitting and receiving antennas was vertical. The echoes were displayed on 
a two-beam oscillograph. Two methods of recording were used. The echoes 
were either photographed on a fast-moving film allowing each sweep to appear 
separately, or snaps were taken with one second exposure allowing integration 
in time of the rapidly changing amplitudes. 

The observations were started at Kjeller (6 = 59-8° N, 4 = 11-1° E) in Spring 
1952 and during this year echoes were recorded on a number of evenings when great 
geomagnetic storms appeared. In some cases echoes transmitted at Kjeller were 
received in Tromsoe both on 35 and 74 Mc/s. In order to make echo obser- 
vations during visible auroral displays the equipment was transferred to 
Tromsoe (¢ = 69-:9° N, A = 18-9° E)* and observations were made during the period 
January-February 1953. During weak geomagnetic storms the aurorae in Tromsoe 
usually appear low on the Northern horizon at a distance of 300-500 km. During 


* The observations were made at the Auroral Observatory, Tromsoe. The authors wish to express 
their thanks to the Director, Mr. E. TorENsBERe for hospitality and assistance during the observations. 
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stronger storms the aurorae move closer, may appear in the zenith or even on the 
Southern part of the sky. 


3. SraTIsTICS OF THE EcHOES RECORDED 
The echoes recorded at Tromsoe and Kjeller showed the same main character- 
istics. The mechanism of reflection at Kjeller and at the arctic station Tromsoe, 
lying 1120 km to the North of Kjeller, must therefore be regarded as identical. 
The following features are common to all records: (i) the echoes on 35 and 74 Me/s 
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Fig. 2. Ranges of echoes on 35 and 74 Mc/s. The columns in (a), (b) and (c) indicate the numbers, 
N, observed for each 50 km’s increase in range. 


have different ranges. The ranges of the 35 Mc/s echoes are always smaller than 
the simultaneously appearing echoes recorded on 74 Mc/s. (it) there is a distinct 
difference in character of the echo amplitudes appearing simultaneously on the 
two frequencies. In Fig. 1 a number of records are given showing the different 


types appearing. 

a. The range of the echoes 

In Fig. 2 (a), (b) and (c) histograms of the range, R, as a function of the number 
of observations, N, are given. The observations have been divided into two 
groups, diffuse (a) and (b) sharp echoes. There seems to be no significant difference 


in ranges between these two types. 
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Fig. 1. Echoes on two frequencies received simultaneously on a double-beam 
oscillograph. The upper trace shows echoes on 35 Mc/s, the lower trace shows 
echoes on 74 Mc/s. The pips on the upper trace indicate 50 km range marks. 


(a), (b) and (c) show echoes on 35 Mc/s only, with leading edge at a range of 


respectively 220, 240 and 320 km. 
(d), (e), (f) and (g) show echoes on 35 and 74 Mc/s simultaneously, the ranges on 


74 Mc/s are always greater than the ranges on 35 Mc/s. Record (e) is a 
typical example of the difference in character of the echoes on 35 and 74 Mc/s. 
The upper limit of the range of echoes on 74 Mc/s extends to about 1000 km. 
(h) and (i) show echoes on 74 Mc/s only. 
(k) shows a sharp echo on 35 Mc/s only. 
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The histograms show that the most frequent ranges of the 35 Mc/s echoes 
were in the interval 250-500 km whereas the 74 Mc/s echoes appeared most 
frequently in the interval 350-700 km. The 35 Mc/s echoes often occurred alone 
during small magnetic disturbances. In the more intense phase of the storm the 
74 Mc/s also appeared but usually with considerably smaller amplitudes. Only 
in a few cases we have observed 74 Mc/s echoes when 35 Mc/s echoes were absent. 

In Fig. 3 the ranges of the echoes are given when echoes on both frequencies 
appear simultaneously. The figure illustrates the characteristic, easily visible on 
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Fig. 3. Ranges, R, of echoes where 35 and 74 Mc/s appear simultaneously. The echoes on 74 Mc/s 
have a considerably greater range than the echoes on 35 Me/s. 


the records reproduced in Fig. 1, that the 74 Mc/s echoes always have a greater 
range than the simultaneously appearing 35 Mc/s echoes. This difference in range 
may attain values of several hundreds of km, and in some cases the echoes on the 
two frequencies appear completely shifted relative to each other on the sweep. 
This displacement seems to be independent of the mean value of the range. This 
effect demonstrates conclusively that the scatter observed simultaneously on 
the two frequencies near the auroral zone cannot be explained as direct scatter 
from the same objects within the ionosphere. An explanation of this difference 
in range on the two frequencies will be discussed later. 


b. The increase in mean range with increasing distance to the auroral zone 


HELLGREN and MEos (1952) and CurRIE et al. (1953) have recently published 
observations which give the magnitude of ranges of the echoes recorded in Kiruna 
and Saskatoon. It is of interest to compare the mean distribution of the ranges 
of echoes observed in N-S directions in Tromsoe, Kiruna and Saskatoon with the 
distances, D ,7z, from the place of observation to the auroral zone. In Fig. 4 the 
distribution of ranges are given for Tromsoe, Kiruna and Saskatoon. 
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It is evident that there is a gradual increase in range with increasing distance 
to the auroral zone. 

At the top of the figure curves giving the elevation h of the assumed reflection 
point as a function of range, assuming that the echoes are due to direct scatter in 
an height H equal to respectively 100, 150 and 200 km. 
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Increase in ranges of echoes with increasing distance, 47, from the place of observation 


Fig. 4. 
to the auroral zone. 


c. The echo duration 
AsPINALL and Hawkins (1950) have distinguished between sharp and diffuse 
echoes. Our material shows that in far the greater number of cases the scatter 
appears as diffuse, distorted echoes which may spread over hundreds of km. 
However, a small number of echoes have been recorded with widths smaller 
than 25 km. In Fig. 5 the widths of the echoes, AR, in km are given in histograms, 
each column indicating the numbers observed within intervals of 50 km of AR. 
The average widths of the 35 Mc/s echoes are somewhat smaller than those for 
the echoes on 74 Mc/s. In the first columns of the histograms the sharp echoes have 
been counted together with diffuse echoes having a smaller width than 50 km. 
The most frequent value of the width of the echo pattern of 35 Mc/s is 100-150 km, 
on 74 Mc/s the corresponding value is 150-200 km. 

It may be questioned whether this spreading out of the echo pattern actually 
represents a true variation in range in the direction of the axis of the antenna 
pattern. The lobes of the Yagis had a half-power width of + 32°. If now the 
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echoes entered the lobe uniformly from different directions from a single reflecting 
or scattering plane, this would introduce a variation in range which could amount 
to about 15 per cent of the mean range. Now the echo duration usually amounts 
to a considerably greater value, and we must conclude that the great width of the 
echo pattern represents a variation in range along the mean direction of wave 
propagation. 
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Fig. 5. The widths of echoes, AR, on 35 and 74 Mc/s. The columns indicate the numbers, N, 
observed within intervals of 50 km’s increase of width. 
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d. The amplitude of the echoes 


In Fig. 6 the mean values of the amplitudes, A, as a function of range, R, has 
been plotted. On 35 Mc/s the amplitudes decrease uniformly with range. The 
decrease in field strength lies between a 1/# and 1/R* law, with a closest approach 
toa 1/Rlaw. On 74 Me/s there is at first an increase in the amplitude with range 
up to a value of R = 500 km, for greater values of R the amplitudes decrease. 
The explanation of this different behaviour will be discussed later. 
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Fig. 6. The amplitudes of the echoes, A, on 35 and 74 Mc/s. The columns indicate the mean value 
of amplitudes as a function of the range, R. 


e. The coefficient of reflection 


The VHF-echoes appearing during aurorae and magnetic storms have hitherto 
been interpreted as due to either reflections from extended, partially reflecting 
surfaces, or, scattered reflections from “‘blobs”’ or stratifications in the ionosphere. 
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If we assume the simplest model, the waves being reflected normally from an 
infinite plane surface, the amplitude reflection coefficient p is determined by 


P, = Port (24) (1) 
ge eer lézR 
where P, is the flux of energy reflected, P, is the peak power of the pulse trans- 
mitted, G is the gain of the identical receiving and transmitting aerials (in this 
case folded 4/2 dipoles with reflector and directors) and RF is the range. 

Although an alternative explanation of the process of reflection will be put 
forward in a following section, according to which the echoes are explained as 
ground clutter reflected back via the £,-layer, it is convenient to evaluate a 
coefficient of reflection p, using formula (1) from our observations and to compare 
this with other observations. 

A voltage of V = 100 pvolt is to be regarded as a representative value of 
the echo voltage appearing over the input of the receiver. With a peak power of 
25 kW and a range of 400 km this gives a coefficient of reflection on 9 m wavelength 
of p ~ 2-10-%. In some few cases a coefficient of reflection of more than ten times 
this value has been observed. 

The echo amplitudes recorded on 4m wavelength were considerably smaller 
than on 9m. Now when changing the wavelength from 9 to 4 m, the echo ampli- 
tudes should decrease in the proportion (9/4)?, if we assume the same value of p 
on both wavelengths. This effect is due to the decrease in collecting area of the 
aerials. With identical peakpowers and assuming the same coefficient of reflection, 
we should therefore expect an amplitude ratio of 5 between the echoes on 9 and 
4m. For a large group of echoes this relative decrease in amplitude with wave- 
length seems to represent the right magnitude. 

Now to compare the echo amplitudes on the two wavelengths in order to test 
quantitatively a mechanism of direct reflection from the ionosphere would pre- 
suppose that the reflections originated from the same regions within the iono- 
sphere. In Fig. 1 we have demonstrated the difference in range of the echoes on 
the two wavelengths, an effect which is to be regarded as a general rule. This shift 
in range is demonstrated through a number of records, which shows that the 
displacement may range from a small value to a total shift of the echo patterns 
relative to each other. The difference in character of the echo patterns on the two 
wavelengths is also evident. On 9 m there is usually a leading edge appearing at 
the shorter range, on the echo pattern on 4m this maximum has been displaced 
towards the distant part of the echo pattern. Further, we have in a number of 
cases recorded echoes on 4m without any traces of echoes on 9 m. 

If the waves are being reflected or scattered from regions with diffuse boun- 
daries it is well possible that the ranges of the echoes on 4 m will be somewhat 
greater than on 9 m, corresponding to a deeper penetration of the 4 m waves into 
the ionized regions before being scattered. It is difficult, however, to conceive 
a process of direct reflection or scattering from the ionosphere which will explain 
the total shift of the complete echo pattern amounting to hundreds of km, when 
changing the wavelength from 9 to 4m. Further, in some cases we have recorded 
echoes on 4 m but no echoes on 9 m, an effect which is not easily understood from 
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the general formulas for reflection or scattering. These effects force us to give up 
the picture hitherto accepted of VHF-waves being scattered directly from the 
ionosphere. In a following section a theory is put forward according to which 
the echoes recorded are explained as scattering from ground or sea (ground-clutter) 
reflected back via a strong £,-layer. 


4. Posirion In SPACE OF AURORAE AND RANGE OF ECHOES 


All observers agree that there is a close statistical connection between the appear- 
ance of the VHF-echoes and aurorae and geomagnetic storms. Definite opinions 
have also been expressed (LOVELL e¢ al. 1947) (CURRIE e¢ al. 1950 and 1953) that 
the ranges of echoes and direction of antennas indicate that the waves are scattered 
by individual auroral forms. 

CurRIE et al. stress, however, that according to their experience echoes were 
not obtained from all auroral displays which appeared in the field of view of the 
aerial structure. Echoes were usually observed with moderately bright aurorae 
that showed some structure. The echoes rarely persisted for the duration of the 
auroral display, generally appearing and disappearing intermittently at various 
bearings during the course of the display. Further, Currt et al. report that they 
never obtained echoes from the Northern sky at altitudes of 16° or higher, and 
conclude that the echoes have originated exclusively from auroral structures 
close to the horizon. 

Assuming that the echoes were reflected from individual aurorae lying in the 
centre of the antenna beam, it should be possible to calculate the height of the 
aurorae if the range is measured and the angular height of the auroral form is 
measured from a single photo. A curve showing the distribution of heights of 
the aurorae is given by CuRRIE et al., which fits well in with the well-known 
height curve of the aurorae. The aurorae measured with this method were appear- 
ing at a distance of 700-800 km, and the height above the horizon would therefore 
be only 5°-10°. According to our experience, however, determinations of height 
and position of such distant aurorae will not be very accurate. 

HELLGREN and MEos (1952) do not state if they have made a detailed study 
of the ranges of the echoes compared with the distances to the auroral forms for 
individual cases. However, they use the term “localization of aurorae with radar 
technique,” and are apparently of the opinion that the echoes observed are due 
to direct scatter from auroral forms. 

During a number of evenings with great auroral displays in Tromsoe the 
aerials were directed against various strong auroral forms. The aerials could be 
turned in a vertical plane in N-S direction. Thus the lobe could be directed 
towards auroral arcs appearing low in the North. draperies appearing in 30°-60° 
height on the Northern sky and strong bands and draperies crossing the zenith. 
In some cases the antenna was also directed against aurorae appearing on the 
Southern sky. From visual observations and simultaneous photos taken the 
distances to the auroral forms could be estimated with an accuracy of about 
20 per cent. 

Compared with Saskatoon the aurorae in Tromsoe appeared over a great 
range of distances, arcs and bands appearing low in the North at a distance of 
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500-600 km, to the great aurorae appearing over the zenith in a distance of only 
80-100 km. During all these displays echoes only appeared when the aerials 
were directed towards the North. The ranges of the echoes were usually of the 
order 300-400 km, with 185 km as the smallest and 1000 km as the greatest range. 
The beam of the antennas had a half-power width of + 32° in the vertical plane. 
It is therefore not possible to give with accuracy the elevation of the incoming 
echoes. But the echo amplitudes always showed a maximum when the antenna 
beam was directed horizontally towards the North, and decreased rapidly with 
increasing height of the antenna axis. Our observations are therefore in quali- 
tative agreement with CuRRIE et al. that one does not get echoes reflected from 
the Northern sky from elevations greater than 16°. 

In a great number of cases the antennas at Tromsoe were directed against 
auroral forms appearing in the sky, from low in the North to the zenith. According 
to our experience we have not been able to give one example demonstrating a 
close correlation between the distance to the aurorae visible and the echo range. 

One example of this lack of correlation between the two phenomena will be 
discussed in the following. 

On January 29th a geomagnetic storm accompanied by very intense auroral 
displays occurred during the afternoon and night. The display started with 
quiet ares lying in the North at low elevation. The aurorae increased in intensity, 
moved towards the South, and very intense bands and draperies extending from 
W to E crossed the zenith. Detailed studies of the correlation between positions 
of aurorae and appearance of echoes were made. Three examples of the auroral 
forms recorded are reproduced in Fig. 7 (a), (b) and (c). 

At 17 32 MET a quiet auroral arc (a) appeared low in the North at an angular 
height ot 10°-15°, this would correspond to a distance of 350-400 km. Echoes 
on 35 Mc/s were recorded earlier in the afternoon, but during the appearance of 
this are no echoes could be detected when the antenna was directed towards the 
central part of the arc. 

At 1827 MET very intense bands and draperies (b) appeared crossing the 
zenith from W to E. The antenna was directed towards the very luminous parts 
of the zenith. No traces of echoes could be observed although the distance to 
the lower edge in this case amounted to only 80 km and the maximum luminosity 
was at a distance of 110-120 km. 

At 19 10 hrs a similar very intense drapery (c) crossed the zenith from W to E. 
In this case, also, no echoes appeared when the antenna beam was directed towards 
the very luminous parts at the zenith. However, strong echoes now appeared on 
35 Mc/s when the antenna was pointed low towards the horizon in the North 
where no aurorae were visible. 

Previous explanations of the scattering of VHF-waves during auroral displays 
have assumed that the scattering process was similar to the scattering from 
meteorite trails (HERLOFSON, 1947). Scattering from meteorites exhibits a strong 
maximum of amplitude when the waves impinge normally on the trail of a 
meteorite. Now the direction of the streamers in the aurorae lie along the earth’s 
magnetic field. The echoes from the aurorae should therefore be strongest when 
the antenna is directed towards luminous parts of the aurorae having streamers 
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Fig. 7. 

(c) Auroral are appearing low in North at a distance of 
350-400 km. No echoes were recorded. 

(b) Western part of a very intense band-drapery, crossing the 
zenith. Distance to the luminosity in zenith 80-110 km. 
No echoes from the direction of the zenith were recorded. 

(c) Film strip of western part of very intense drapery, crossing 
the zenith. No echoes from the direction of the zenith, 
but echoes appeared from the Northern horizon where no 
aurorae were visible. 
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perpendicular to the direction of wave propagation. Using this assumption, 
CHAPMAN (1953) has computed curves giving the ranges of echoes to be expected 
for waves impinging normally on auroral streamers lying at various heights above 
the earth’s surface when viewed from different observing places. 

In the observations here described the waves were in no cases impinging at 
right angle to the direction of the earth’s magnetic field. For the example shown 
in Fig. 8 the waves would in the case of the diffuse arc (a) appearing on the 
Northern sky, impinge at an angle of 12° from the desired ideal direction. In 
the two cases (b and c) where the brilliant draperies with streamers appeared in 
the zenith, the direction of observation was almost along the earth’s magnetic field. 


AURORAL 
ARC 


Fig. 8. Position of arc relative to the directions of wave propagation. 


The observations discussed in the examples a, 6 and c have been confirmed 
in a number of cases. Diffuse auroral arcs lying low on the Northern sky give no 
reflections, although the waves may impinge almost at right angle to the main 
direction of the field, the deviation may be only 15°-25°. Draperies and bands 
with ray-structure appearing overhead near the magnetic zenith, where the waves 
will impinge along the direction of the field, also give no reflections, even during 
the most intense displays in a distance of only 80-100 km. 


5. APPEARANCE OF VHF-ECHOES SIMULTANEOUSLY WITH INCREASE IN 
CRITICAL FREQUENCY OF THE E,-LAYER DURING A GEOMAGNETIC 
STORM 


During the observations in Tromsoe ionospheric soundings in the range 0-5—-25 Mc/s 
were usually taken each half an hour, thus giving the critical frequencies of the 
ionospheric layers. In a number of cases it was observed that strong scatter on 
35 and 74 Mc/s appeared when the critical frequency of the Z,-layer attained 
high values. In Fig. 9 the appearance of VHF-scatter, critical frequencies of 
the E,-layer and the variations of the earth’s magnetic field, H-component, are 
given for three evenings. It is evident that the VHF-echoes appeared only during 
the period with increased values of E,-ionization. 

Analysis of the observations shows that scatter on 35 Mc/s may appear even 
during small storms, whereas the echoes on 74 Mc/s are restricted to the more 
severe phase of the storms. The intimate connection between high critical fre- 
quency of #, and appearance of VHF-echoes indicates that the echoes are to be 
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explained as scatter from sea (or land) reflected back via the sharp lower boundary 
of the Z,. When the waves are transmitted horizontally an MUF-factor up to 
5 is to be expected. The maximum values of critical frequencies of the HZ, on the 
evenings mentioned in Fig. 9 should therefore allow reflection of waves up to 
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Fig. 9. Appearance of echoes on 35 and 74 Mc/s and periods of high critical frequencies of the 
E, layer during a geomagnetic storm, recorded at Tromsoe. The horizontal intensity, H, of the earth’s 
magnetic field is shown below. 

60-65 Mc/s. Now the £, is recorded vertically in Tromsoe, whereas the assumed 
reflection point will be lying at a distance 150-350 km to the North, closely under 
the normal auroral zone, where one may assume £, ionization to be still higher. 


6. Process oF REFLECTION 


As previously stated the effect of different ranges of the echoes on 35 and 74 Mc/s 
force us to give up the picture hitherto accepted of VHF-waves being scattered 
directly from the ionosphere. Further, the appearance of the echoes are not 
correlated with the appearance of visual auroral forms, but with the appearance 
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of a strong EH,-layer. Instead of being directly reflected from the ionosphere 
the VHF-echoes are explained as back scatter from the ground or sea reflected 
back via the strong E,-layer. In the following we will discuss the character of 
the echoes from the point of view of being back scatter. Further, two models of 
the reflection process will be discussed which may explain the shift in ranges from 
35 to 74 Me/s. 


a. The character of the echoes 

Backscatter of radiowaves in the usual HF-band has been extensively studied 
since ECKERSLEY’S (1940) first discussion of the effect in 1932. In the HF-band 
the most frequent scatter process is backwards reflection of the waves over the 
skip zone via the F,-layer. A common feature of this scatter is a pronounced focus 
effect. The scatter usually exhibits a sharp leading edge followed by a maximum 
value of the amplitude and slowly decreasing amplitudes towards greater range. 
The focus effect is due to the addition of high and low angle rays in a layer with 
considerable, vertical extension. If, however, the waves are reflected back via 
thin, homogeneous layers where the reflections are partial, no focus effect will 
appear. The echo amplitude should in this case increase uniformly with range 
due to the increase in MUF-factor. From the shape of the echoes it should thus 
be possible to decide whether the reflections come from an extended layer, or from 
partial reflections in thin irregular horizontal stratifications in the layer. 

The echoes recorded were accordingly divided into four groups according to 
the position of the maximum amplitude within the scatter. In group I the maxi- 
mum amplitude is near to the leading edge and within the first quarter of the total 
echo duration. In the groups II, III and IV the maximum amplitudes occurred 


in successive quarters of the echo duration. The number of echoes appearing in 
each of these four groups were counted. The 35 Mc/s were further divided into 
weak, medium and strong echoes. The 74 Mc/s echoes were grouped with ranges 
greater or smaller than 600 km. The results are given in Table 1. 


Table 1. Position of maximum amplitude within the echo form 
a. 35 Mc/s b. 74 Me/s 








Echo range | Echo range 


Medium | Strong < 600km | > 600 km | 
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Table 1 a shows that on 35 Mc/s the maximum amplitude in 86 per cent of the 
cases appears in the first half of the echo duration. These echoes demonstrate the 
focus effect in the back scatter, and the reflection process must be regarded as 
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coherent refraction in an extended E,-layer. 14 per cent of the echoes may, 
however, be regarded to have been partially reflected in a thin layer. These echoes 
were usually weak. 

Table 16 demonstrates the different character of the 74 Mc/s echoes. The 
main tendency is here to have the maximum amplitude in the distant part of the 
echo form. This effect is especially pronounced for the 74 Mc/s echoes with ranges 
less than 600 km and may therefore be explained as due to the MUF-factor. For 
great ranges the MUF-factor is nearly constant and the effect should be absent. 

The conclusion is that the reflection of the 74 Mc/s waves must, in general, 
be a partial reflection via a thin layer. The anomalous variation of amplitude 
with range, which is evident in Fig. 2, may be explained as due to the MUF-factor. 

The general conclusion is therefore that the scatter on 35 Mc/s exhibits all 
the characteristics which have been described previously for backwards scatter 
by EckrerRsLey. In some cases, even two-hop reflections of the 35 Me/s scatter 
via refraction in an extended E,-layer seem to occur (see Fig. 14). 

For the 74 Mc/s echoes the reflection process must be different, and the principal 
fact to be explained is the systematic difference in range between the 35 and 
74 Mc/s scatter. We assume that this effect must be explained through the 
reflection mechanism in the £,-layer. As highly idealized models which will give 
a shift in range of reflections on 9 and 4 m wavelengths, the following two con- 
ditions of the Z,-layer will be discussed. 


b. Partial reflection at a thin layer within an extended E,-layer 

The extended £,-layer has sufficient electron density for regular refraction of 9 m 
waves at an angle giving a skip zone corresponding to the range of the 9 m echoes 
observed. At this angle of incidence, however, the H,-layer is not sufficiently 
dense for refraction of the 4m waves. At a lower angle of elevation, «,, the 4m 
waves may be partially reflected from a thin layer within the £,-layer, and the 
echoes on 4m will have a greater range than the refracted waves on 9m, see 
Fig. 10 (a). 

This model of £, leads to the conclusion that, even during the strongest auroral 
displays and geomagnetic storms the extended £, is not sufficiently dense to allow 
refraction of 74 Mc/s even at the lowest angle of elevation where the MUF-factor 
has a value of about 5. This gives an upper limit of the critical frequency of £, 
attainable of about 15 Me/s. 


c. Partial reflection in circular “‘ion-plates’’ with dimensions corresponding to one 
Fresnel-zone 
We will illustrate the effect through a numerical example. At vertical incidence 
the radius of the first Fresnel zone a = VAR for A = 9m and R, = 100 km will be 
0-94km. For a distance D, = 500 km, which will give an angle of elevation of 
%» — 22-4° the zone plate will have a radius of 4:1 km. For 2 = 4m this plate, 
however, will act as a zone plate at a lower angle of elevation, « = 17-3° and we get 
a distance D, = 700 km. It is thus evident that, using this model of reflection 
process, we may get a total shift of the echo patterns on 35 and 74 Mc/s relative to 


each other, (see Fig. 10b). 


334 





Radio echoes observed during aurorae and geomagnetic storms 


In model (6) we have assumed a thin layer within the Z,-layer, in model (c) 
we have further assumed that this stratification is divided into circular “blobs.”’ 
Which of these models corresponds to the actual conditions in the ionsphere is 
difficult to decide, but we are inclined to assume that the case (b) is the more 
probable one. 





























Fig. 10 (a) and (b). 


7. POLARIZATION TESTS 


During all observations the elements of the transmitting aerial systems were 
vertical. The position of the receiving aerials were either vertical or horizontal. 
In some tests we used two separate receiving channels, the one with vertical and 
the other with horizontal Yagis. Both echo patterns were then displayed for 
comparison on the two traces of the double beam oscillograph. 

The results of the tests on 35 Mc/s were as follows: 

(a) echoes with great amplitudes and with a leading edge: no change in 
amplitude from vertical to horizontal receiving antennas, see Fig. 11, 
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(6) sharp and narrow echoes: a polarization effect was observed. The amplitude 
with receiving antenna vertical (parallel to the transmitting antenna) was stronger 
than with receiving antenna horizontal, 

(c) more diffuse echoes without leading edge: same results as in (a). 

On 74 Mc/s only a few tests were made. In some tests the echoes on 74 Mc/s 
only appeared when the transmitting and receiving antennas were parallel. 

The 35 Mc/s echo patterns with great amplitude and a leading edge, which 
include by far the greater number of echoes observed, show no polarization 
effects. The sharp echoes on 35 Mc/s and the echoes on 74 Mc/s have a tendency 


to preserve their plane of polarization. 


8. FADING OF THE ECHOES 


Although the scattered echo may preserve its mean amplitude and character for 
some time, there is always a very rapid fading within the echo—the echo is 
“boiling.” Records on a rapidly moving film show that the echo pattern has 
changed completely from one sweep to the next. There is thus no correlation in 
amplitude between sweeps taken 1/50 sec. apart. In order to investigate this 
point more closely double pulses were transmitted. The time difference between 
the two pulses could be made variable. A number of tests were made, and it could 
be shown that the amplitudes maintained their character up to a time difference 
of 3-4 x 10-% see which should represent the magnitude of the autocorrelation 
function. With greater time differences between the double pulses the echoes 


changed character. 
This should correspond to a Doppler change of about 250 c/s. More (1951) 


reports that VHF-signals reflected back during auroral displays are characterized 
by an extremely high rate of fading, which renders voice modulation unintelligible. 
This is in accordance with the high fading rate evident from our echo records. 


9. MOVEMENT OF THE E,-LAYER 


Records and visual observations of the scatter show a characteristic variation of 
the range with time. When the scatter first appears with small amplitude the 
range has usually its maximum value. With increasing amplitude the range 
decreases and usually has its maximum value at a minimum value of range. 
When the amplitude again decreases the range increases until the echo fade away 
often rapidly. There is thus a continuous change in the position of the part of the 
E,-layer which acts a reflecting screen. A change in the range of the echoes of 
about 100 km/min is a value which often may appear. This movement of the 
reflecting screen is not to be regarded as a bodily drift of a uniformly ionized 
cloud. We have to assume that new ionized parts of the cloud is continuously 
being formed due to intrusion of ionizing particles. The resulting picture will 
be that of a stationary ionized cloud, the outer limit of which is continuously 
expanding or contracting in various directions. Such a pulsating cloud will 
introduce rapid fading of the main signal, due to interference between the reflected 
signals from the stationary part of the cloud and the pulsating edges. If we assume 
that the edge changes its position with a velocity of 2 km/sec this will introduce a 
phase-change of about 220A between the pulsating and quiet part of the cloud 
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(a) 


Fig. 11. Polarization tests. Transmitted wave vertical. 


(a) Echoes on 35 Mc/s, great amplitudes and leading edge, received through two separate channels, 
with directions of receiving antennas vertical-vertical and vertical-horizontal. No polarization, 
effect. 

(b) Echoes on 35 Mc/s, sharp echoes. Single sweeps of echo patterns with receiving antenna 
vertical, horizontal and vertical. There is a tendency to preserve the plane of polarization. 


(a) 
Fig. 12. Sweeps of echoes on a rapidly moving film, time difference between each sweep 1/50 sec. 
there is no correlation between the amplitudes from one sweep to the néxt. Double pulse modu- 
lation with changing time difference between the pulses is used. In (b) the time-base is expand- 
ed. The correlation between the amplitudes diminishes strongly when the time interval between 
the pulses exceeds 3—4 x 10°? sec. 
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Radio echoes observed during aurorae and geomagnetic storms 


on a wavelength of 4 = 9m. We thus get a fading frequency of about 220 ¢/s. 
This value fits in with the magnitude of the autocorrelation function of about 


4 x 10-3 discussed in section 8. 


10. Muv.itiIrLE EcHOES 


In a number of cases the records of the 35 Mc/s scatter show traces of multiple 
scatter, a second echo group appears having a range about twice the value of 
the first strong echo group. Such multiple back scatter via the F-region has 
previously been observed on lower frequencies. VILLARD and PETERSON (1952) 
have demonstrated this double hop back scatter on 14 Mc/s. Fig. 14 shows a 
record demonstrating double hop back scatter on 35 Mc/s. The range was in 
this case 185 km for the first hop. No echoes on 74 Mc/s appeared. In this case 
the H,-layer must have had a great extension in N-S direction. No double hop 
scatter on 74 Mc/s has been observed. 


11. Putst TRANSMISSIONS, KJELLER—TROMSOE 


In the summer and autumn 1952, double pulses were transmitted at Kjeller and 
received at Tromsoe on a number of evenings. The base line was 1120km. The 
pulses appeared in Tromsoe only on evenings when great geomagnetic storms 
occurred, and then only during the most perturbed phase of the storm. The 
pulses on 35 Mc/s were frequently recorded, on 74 Mc/s only during one evening. 
The pulses received at Tromsoe were undistorted having the same width of 40 usec 
as the transmitted pulse, whereas the back scatter received at Kjeller always 
showed the usual severe distortion. Also the rate of fading of the pulses received 


at Tromsoe, estimated visually, was slow and resembled normal echo fading. 
This reception of undistorted pulses is to be expected, since both a forwards 
scatter process or the usual ionospheric refraction process will give negligible 
distortion. 


12. PasstvE RADIATION FROM AURORAE 


ForsyTuH, PETRIE and CuRRIE (1950) have recently announced that, during auroral 
displays, radiation in the 3000 Mc/s band has been received when the antenna- 
paraboloid was directed towards the luminous surfaces of the aurorae. The 
radiation occurred as narrow pulses or bursts arriving in random manner and 
lasting only a small fraction of a second. Each pulse was estimated to be of one to 
five uz sec duration. Observations on twenty auroral displays seem to confirm the 
auroral origin of these pulses. 

At Tromsoe tests were made in order to repeat these observations. A 10cm link 
receiver* was used. The receiver sensivity was 14 db below k7'Af, Af = 4-5 Me/s. 
The antenna was a paraboloid of diameter 6 feet, the gain was 32 db above an 
isotropic radiator. The noise was displayed on an A-scan of a CRT with 5 Me/s 


bandwidth. 


* The receiver and aerial were kindly put at our disposal by the Radar Division of the Defence 
Research Establishment. The authors wish to express their thanks to the chief scientist, Mr. StURE 
Kocn and to Messrs. SORBYE and OLESEN for assistance during control measurements of the receiver 


arrangement. 
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During strong auroral displays the antenna was directed towards the luminous 
parts of the aurorae, careful tests were made against a series of very brilliant bands 
and draperies appearing in the zenith at a minimum distance of 80-100 km. No 
pulses or bursts, however, could be observed which exceeded the normal noise 
level on the CRT-trace. 

We must point out that the observing conditions in Canada and Tromsoe may 
not have been quite identical. In Tromsoe the observations on the strong aurorae 
were made in a direction almost along the earth’s magnetic field, or only slightly 
inclined to this direction. In Canada the observations were apparently made at 
about right angles to the direction of the earth’s magnetic field. Observations in 
Tromsoe on intense but distant aurorae at the Northern horizon, lying at a distance 
of 350-400 km did not, however, show any radiation, although in this case the 
direction of observation was almost at right angles to the field of force. 


Acknowledgments.—The authors wish to express their sincere thanks to Mr. A. 
Crowo for his most valuable assistance during the development of instruments 
and carrying through the observations. During the observations in Tromsoe we 
have been most ably assisted by Mr. REIDULF LARSEN. 

We also wish to express our sincere thanks to Mr. F. Liep and Dr. N. HERLOF- 
son for valuable discussions during the analysis of the observations. 
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Research notes 


RESEARCH NOTES 


The effect of the horizontal extent of Aurorae on the apparent luminosity-altitude curves 


(Received 13 November 1953) 


§ 1. The identification of lines of atomic hydrogen in auroral spectra by VEGARD (1939) 
and their subsequent study by GARTLEIN (1950) and MEtNEL (1950) show that fast protons 
must certainly be a component of the incoming stream of primary particles. Furthermore 
the recent quantal calculations of Bares and DaLGarno (1953) indicate that the electron 
capture process presumed to be operative is, in fact, a very inefficient source of the lines, 
which suggests that fast protons may actually be a major component. 

It is a simple task to derive the luminosity-altitude distribution that would ensue from 
the entry of protons into the Earth’s atmosphere. Except perhaps in the case of the higher 
aurorae the calculated curves for a mono-energetic incident stream (cf. BATES and GRIFFING 
1953) are very much sharper than are the curves obtained from photometric measurements 
(ef. Harana 1944, Merve 1952, BerKrey and GARTLEIN 1952): in particular it has been 
shown that the hydrogen line emission from an aurora located near the 100 km level would 
be confined to a vertical interval of only 1 or 2 km, which is a far narrower range than the 
observations indicate. Bates and GrRIFFING (1953) have pointed out that the predicted 
curves could be reconciled with the measured curves by arbitrarily assuming that the 
incoming protons have a wide energy spread. However there is the possibility, to which 
MEINEL (1952) has drawn attention, that the finite horizontal extent of aurorae along the 
direction of the magnetic meridian may conceal the true luminosity-altitude distribution. 
It is the purpose of the present note to investigate this effect. 

§ 2. For convenience we shall consider a two-dimensional model aurora throughout 
which the emission per unit volume is simply 


Lz, 2) 


(1) 


where z is measured vertically from the base which is at an altitude Ao, x is measured 
horizontally from a line making an angle @ with the Earth’s surface, « and / are parameters 
defining the vertical and horizontal spread of the aurora and # is a proportionality constant 
(see Fig. 1). Clearly the true luminosity-altitude distribution is given by 


Lz) Lz, x) dx 


=a Au fz exp ( ah (2) 


To an observer at a point O it would appear that the luminosity in the direction of a 
vector s making an angle ¢ with the horizontal is 
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This expression may readily be evaluated with the aid of any of the standard tables of the 
probability integral. In order to convert the luminosity-angle curves thus obtained into 
luminosity-altitude curves it is of course necessary to associate with each angle a definite 
altitude. Unfortunately the association is rather ill-defined—a fact that has not been 
taken properly into account in the presentation of the observational data in the literature. 
It is, however, convenient and natural to take the altitude A corresponding to a given angle 
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¢ to be that of S, the point of intersection of the observing line and the central line of the 
aurora. Adopting this convention calculations were carried out for the following cases. 
(see Fig. 1.) 
Angle of central line 6 75° 
Altitude of base hy 100 km 
Vertical extent parameter « 1 to 20km 
Horizontal extent parameter # 0-5 to 200 km 
Observation distance D 200 km and 600 km 


§3. The luminosity-altitude curves may be characterized (HARANG 1944) by the 
distances t,"(a, 8) and t,,"(a, 8) between the level of maximum intensity and the two levels 
at which the intensity is a fraction, n, of the maximum, the subscript / referring to the level 
in the lower part of the aurora and the subscript wu to the level in the upper part. For 
aurorae with bases near the 100 km level Harane (1944) reports that t,°-> and t,,°-> average 
about 6-8 km and 13-5 km respectively. The observed luminosity curves of such aurorae 
may be represented by equation (2) if « is taken to be about 8 km. 

From the computations which were carried out it was found that the observed and true 
values of ¢,"(«, 6) and t,,"(a, 8) are almost the same except when f/a is appreciably greater 
than unity. Consequently the apparent luminosity-altitude distribution of HARANG, with 
a as indicated above, may be accepted as the actual luminosity-altitude curve unless f is 
some 10 km or greater (which seems unlikely to be common). 

It was found also that if the emission were confined to a vertical interval of 1 or 2 km 
(cf. § 1) it would be necessary for f to be extremely large to yield apparent luminosity- 
altitude curves such as are observed, the required value, which of course depends on the 
observing distance, being some 50 km when D is 200 km and some 100-200 km when D is 
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600 km; moreover the apparent luminosity-altitude curve would then be controlled almost 
entirely by the value of 8 and would presumably be very variable. In view of these results 
it may be concluded that the finite horizontal extent of aurorae cannot be invoked to explain 
the discrepancy between the measurements and the predictions based on the assumption 
that the incoming protons are mono-energetic. 

Acknowledgements—We wish to thank Professor D. R. Bates for suggesting this problem 
and for many helpful discussions. 
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A note on solar-terrestrial relationships 


This note suggests a possible explanation for some of the deviations obtained when cor- 


relating particular solar events with geophysical disturbances presumably caused by 
corpuscles ejected from the sun. 

It is generally agreed that aurorae, geomagnetic variations, etc., are caused by the 
impingement of solar particles upon the earth’s atmosphere. The particle stream is 
essentially neutral and consists of approximately equal numbers of electrons and positive 
ions. Neutral particles also exist in equilibrium with the radiation field, but their number 
is relatively small. The approximate charge equality may occur on emission from the 
sun, by acquisition of the deficient charges from the ions of interplanetary space, or by 
other means. 

Several theories have evolved to explain the acceleration of the solar particles towards 
the earth’s dark hemisphere. STORMER mathematically described the trajectory of a single 
charge as it approaches a magnetic dipole. Depending upon their velocity vectors, charges 
approaching the earth could strike the sunlit hemisphere, the dark side, or could be entirely 
deflected from the earth. CHAPMAN and FERRARO objected to the application of SrORMER’s 
results to auroral theory, mainly on the basis that the treatment of only isolated charges 
moving in a magnetic dipole field did not represent the probable conditions involved in 
auroral formation and geomagnetic changes. Their model envisages a neutral stream (or 
plasma) of charged particles which after leaving the sun engulfs the earth. Some aspects 
of the geomagnetic changes appear to be clarified by their model. However, it is not 
quite clear how particles in the “hollow” behind the earth leave the stream to invest the 
dark hemisphere. No consideration is given to the possibility that charged particles may 
strike and cause aurorae in the sunlit hemisphere. Of the two theories, the former is con- 
sidered to apply to cosmic rays and the latter to aurorae and magnetic disturbances. 


* Affiliated to the Geophysics Research Directorate of the U.S. Air Force, Cambridge, Massachusetts 
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This note proposes that corpuscular emission from the invisible solar disk may be 
deflected by the sun’s general magnetic field and directed towards the earth. Once 
approaching the earth, it may strike the dark or sunlit side depending upon energy con- 
siderations. These particles may be responsible for the many instances of aurorae and 
magnetic disturbances which do not correlate with activity observed on the visible solar 341 
disk. This mechanism would weaken daily correlations between observed solar activity 
on the visible disk and geophysical disturbances, but at the same time could permit 
monthly correlations to be strong. For example, the correspondence between changes on 
the earth (or in its atmosphere) and an observable solar event could be very low, or zero, if 
the solar causative agent occurred behind the sun. Ona monthly basis, however, as solar 
activity increased so would the geophysical effects. Present studies of solar-terrestrial 
effects are biased towards the observable sun. 

The mechanism responsible for deflecting ejecta from behind the sun to the earth is 
the same as that forcing charged particles to the earth’s dark hemisphere. All charged 
particles leaving the sun would interact with the general and local magnetic fields. How- 
ever, the solar magnetic dipole is so enormous when compared with the local fields, that its 
effects are by far the stronger—even though the intensity of the latter may be several thous- 
and times greater at the solar surface. Depending upon the velocity vector and its mass, a 
particle could be forced into a given trajectory. Auroral primaries would be those charges 
within the requisite energy range, etc., which are allowed to strike the earth’s atmosphere 
and cause aurorae. Obviously it is possible for the solar field to deflect ejecta away from 
the earth even though on leaving the sun the stream were aimed directly at this planet. 

If SrORMER’s trajectories are accepted, an isolated charge leaving the visible photosphere 
may travel directly to the sunlit or dark side of the earth depending upon the particle’s 
magnetic rigidity. Similarly, for the particles emitted from behind the sun. If the 
CHAPMAN and FERRARO theory is considered, then it is conceivable that particles having 
some given energy range may be forced into a solar ring current located at some distance 
outwards from the sun. This ring current may build up relatively large particle con- 
centrations. Once within this current, the particles may be trapped and allowed to dribble 
out towards the earth days later, again causing aurorae and magnetic effects not associated 
with visible solar disturbances. These factors may be of importance in causing the 
geomagnetic disturbances attributed to M regions. Ifthe general solar field varies markedly 
with time, or if different mass particles were emitted on different occasions, the effects 
would be similar but somewhat more complicated. 

It might be mentioned that it is possible to form a high energy beam within a stream 
of particles leaving the sun by a mass-spectrometer or focusing action. In this event the 
narrow beam of high energy corpuscles would exist within the large cross section of the low 
energy particle stream. Thus, even though the stream might engulf the earth, the high 
energy particles may completely miss it. Because of their energies the high energy particles, 
identified as cosmic ray primaries, may travel directly from the visible photosphere to the 
sunlit earth. However, the slower auroral primaries may be forced into rather complicated 
paths which eventually lead them to the earth’s dark or light side several days later. 
Several instances of this type have already been noticed. 


Geophysics Research Directorate, N. C. GERson 
AF Cambridge Research Center, Cambridge, Mass. 
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Remarks on the article of J. Clay: ‘Ions and condensation nuclei in the atmosphere, 
balance of ions and value of cosmic radiation at sea level’’ 


Victor F. Hess 
Fordham University, New York, N.Y. 
(Received 28 September 1953) 


In the article quoted above (Journal of Atmospheric and Terrestrial Physics, Vol. 3, No. 3, 
April 1953) the author has made statements which cannot be left unchallenged. 

1. He asserts that R. V. Vancour and I (1950) had said “‘that no countings were available 
of condensation nuclei over the ocean.” There is no such statement in our paper. Even before 
our paper was published I made such determinations over the North Atlantic in the summer 
of 1948 myself (1948) and quoted previous determinations of WIGAND, PARKINSON, MAURAIN 
and Devaux, and LANDSBERG, between 1928 and 1938, omitting determinations of CLay and 
his collaborators since these were partly made at locations not very far from the European, 
African, and Asian continents. 

2. J. CLay says in his paper: “Our measurements were made in order to strike the ionization 
balance on the ocean. This balance cannot be checked if the sum total of ions/ce present in the 
atmosphere is to be taken as the basic value, because this sum total can never be ascertained 
with sufficient reliability. The ions of lowest mobility are for the greater part not of recent 
production and their number no longer depends on the sources of ionization alone. ...’’ I think 
Dr. Cuay is entirely wrong in bringing this argument into his discussion of the ionization 
balance of the atmosphere. 

The meaning of the word “ionization balance of the atmosphere”’ is clear enough; we want 
to know if the number of small ions actually observed can be accounted for, quantitatively, 
if the rate of ion production is known and a reliable form of the law of recombination of ions 
is used. 

For the free atmosphere SCHWEIDLER’s linear law of recombination has been found to hold, 
at least approximately, even if the number of nuclei is rather low (1000 per cm’), as it is over 
the oceans. If the rate of production of small ions is g (ion pairs per cm® sec) and @ is the mean 
life of the small ions, then the product 

gd=n 


should give n the number of small ions per cm present in the free atmosphere. 

This equation has been tested by many authors and the procedure ordinarily followed 
was a determination of g and of @ (by one of the two methods suggested by E. ScHwEIDLER) 
and then a comparison of the product with the values of n as obtained by direct measurement 
with an Ebert ion counter (aspiration method). 

The total number of ions (small and large) does not enter directly in this formula. The real 
difficulty in testing the Schweidler recombination law is that both q and § can only be measured 
in closed metallic chambers whereas n as measured with the aspiration method, pertains more 
or less accurately to the conditions in the free atmosphere. 

If in a typical aspiration ion counter air is drawn through the cylindrical condenser (cross 
section 28 cm?) at a rate of 5000 cm per sec and the length of the inner electrode is about 20 em, 
the ions collected per second from the outer air drawn into the tube were contained in 5000 cm? 
while at the same time (in one second) ions produced in the immediate vicinity of the collecting 
electrode (500 cm’) are also measured. Thus, 90% of number of small ions counted originated 
in the free atmosphere. 

The measurement of g cannot be made in a vessel without metallic walls and therefore the 
result may be vitiated by residual ions formed by radiations from the walls. 

Furthermore, the measurement of the mean life of small ions by SCHWEIDLER’s method II 
involves a measurement of the characteristic of the current in an ionization chamber which 
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naturally takes quite some time (30 min for a complete curve), enough to alter conditions by 
depositing large ions during the whole period of the measurements. Therefore, we cannot 
expect perfect confirmation of the equation on account of these discrepancies inherent in the 
method V. The use of SCHWEIDLER’s ‘‘method I” would perhaps be more advantageous. 

J.J. NOLAN and P. J. NOLAN were well aware of these difficulties and proposed several other 
forms of the recombination law in recent years. G. R. Warr (1940) suggested a formula 
q = an + bnN where N is the number of large ions of one sign which is similar to J. J. NOLAN’s 
(1940) expression g = an + bnZ (Z denoting the total number of nuclei). 

From all these expressions, it is clear that the total number of ions (n + N) enters nowhere 
and that only the mean lifetime of small ions is influenced by the nuclei or the large ions. 

3. Dr. Cay further says in his paper: ‘In his calculations for the ion balance on Helgoland, 
Hess borrowed the value of 500 fast ions per cm? in the atmosphere from the Carnegie expedition. 
However, this value lies far above that for the newly produced ions, as observed by us.” 

Although I believe that nobody will blame me for “borrowing” the value of 500 ions/cm? 
from the Carnegie expedition, I wish to emphasize that the mean value of the Carnegie measure- 
ments over sea (1915-1921) was 550 and that I preferred to reduce this to an approximate figure 
of 500 sinee it was not unlikely that part of the large ions were caught also and counted as small 
ions in these older observations. If the voltage in the aspirating condenser is set so as to collect 
all small ions (mobility above 1 cm/sec : volt/em) the number of intermediate and large ions 
caught will be negligible. This fraction can be determined if a careful analysis of the current 
vs. voltage is made according to H. Isrart’s (1931) method. 

However it is very difficult to reconcile J. CLay’s results (mean value for the number of small 
ions over sea 213 per cm) with the ones of the Carnegie expeditions (500). It must be kept in 
mind that in general disturbing factors tend to produce rather too small values of n. Therefore 
I would hesitate to accept CLay’s figures as truly representative. 

As I have pointed out in a paper written in 1927 ScHwWEIDLER’s method II for the determina- 
tion of the mean life of the small ions can also be used to derive a value for the conductivity of 
the air and of the number of small ions inside of the chamber. In using this method for n and 
taking the values for g from his cosmic ray measurements he finds this the ‘‘simplest method of 
investigating the ionization balance.’’ Besides, he says, ‘‘the underlying value is here defined 
better than the total number of fast ions present in the atmosphere can ever be.”’ 

Here again the fact is overlooked that neither the conductivity nor the number of small 
ions as derived from SCHWEIDLER’s theory represents truly the respective values in the free 
atmosphere. 

Dr. Cray (Table 4) points out that the polar conductivity as obtained with the aspiration 
method is consistently lower than the one derived from the SCHWEIDLER (method IT) and ‘“The 
disparity in the results of the methods grows smaller in the direction of the higher mobility 
limit which means that there are always ions with much greater mobility than the one the 
apparatus has been tuned to.”’ 

This statement is hard to understand. I have never noticed that the conductivities (aspira- 
tion method) depend on the limiting mobility chosen, as long as not all small ions are collected. 

Moreover ions of mobilities of 20 cm/sec : Volt/em do not exist, at atmospheric pressures. 
Their presence would be clearly revealed by kinks in the characteristic of an aspiration apparatus 
(Gerdien or Ebert type) if the current (number of ions collected per sec) is plotted versus the 
voltage across the condenser. Recently such observations were made over the North Atlantic 
between New York and Liverpool (HEss and PARKINSON, 1952; PaARKINSON and WELLER, 1953) 
and no indication was found for the presence of small ions with mobilities above 2 cm/sec: 
Volt/em. 

It is not surprising that in general the conductivity as derived from SCHWEIDLER’S re- 
combination method, in a closed vessel comes out somewhat higher than the conductivity outside 
actually is, on account of secondary radiation produced in the vessel. 

In evaluating the life time of small ions (using SCHWEIDLER’s method I1) it is well to remem- 
ber that in SCHWEIDLER’s formula the sum of the mobilities of the small ions enters while 
F. J. W. WHIPPLE (1933) has shown that only the mobility of the ions of one sign should be used. 
Thus the lifetime derived with WHIPPLE’s correction is twice as great as those derived from the 
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original SCHWEIDLER (method II) formula. Unfortunately, it is not stated in CLay’s paper if 
he used WHIPPLE’Ss correction in computing the mean life of the small ions. I assume that the 


corrected formula has been used. 


5. The discrepancy between the values for the ionization by cosmic rays (without secondaries) 
at sea level obtained by Ciay and his collaborators (1-66 I) and myself (1-88 I) remains un- 


explained. 


A clarification could be obtained if measurements of this sort were made with the same 


apparatus in Amsterdam and New York. 


I wish to apologize to Dr. Cuay for having omitted reference to some papers by himself, 
by Van ALPHEN, H. F. JoncEN and P. H. Ciay which-were published shortly before World 
War IT and in 1942, and were not accessible for me at that time. 
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Indices of geomagnetic activity 


of the Observatories ABINGER (Ab), ESKDALEMUIR (Hs) and Lerwick (Le) 


September to November 1953 


The figures given on pages 346 to 348 represent the K-indices for three-hour intervals, 
beginning with 00-03 hrs for the first and ending with 21-24 hrs for the eighth figure. 





Range for K = 9: 500y 
| 


Ab 


E 


8 
Range for K = 9: T50y 


Le 
Range for K = 9 : 1000y 





K-Indices 


Sum | 


K-Indices 


Sum 


K-Indices 


Sum 





no — 


3 
4 
5 
6 
7 
8 





2333 
5332 
2233 
6544 
5423 
0143 
2233 
3223 
3322 
1122 
5233 
2123 
3233 
0122 
0233 
3233 
3332 
2231 
5455 
5333 
4343 
4443 
4444 
4354 
2133 
1122 
5433 
3322 
1112 
0223 


4432 
3444 
3666 
3454 
3243 
3133 
2413 
2321 
2112 
3324 
3122 
3333 
2223 
2211 
4453 
3443 
4342 
1345 
5655 
4455 
4534 
3345 
5554 
4353 
4342 
2334 
3232 
2232 
3221 
2343 


| 
1 
| 
| 


| 


24 
28 
31 
35 
26 
18 
20 
18 
16 
18 
21 
20 
20 
11 
24 
25 
24 
21 
40 


32 


2232 3332 
4332 2343 
2222 3656 
3354 
3243 
3233 
2423 
2221 
2212 
2324 
3999 


det ed hed 


3333 
2213 
2110 
4352 
3432 
3242 
1345 
4655 
3444 
4434 
3244 
4444 
4353 
4332 
3234 
2232 
2231 
2211 
2233 





20 
24 
28 
33 
25 
20 


21 





2122 
4322 
3222 
7834 
6422 
0142 
3232 
3123 
3311 
2122 
5322 
2122 
3223 
1011 
0223 
2212 
3322 
2121 
7854 
6432 
5433 
6443 
4443 
4343 
2222 
1112 
4432 
3221 
1111 
0111 


3332 
2343 
3548 
3357 
2143 
3133 
2323 
2221 
1211 
2224 
3121 





18 
23 
29 
40 
24 
17 
20 
16 
13 





CaNornrk WH = 


oO orm ¢ 


Ww bo bo = bo bo bo 


oO @ 








K-Indices 


October 1953 





Ab | Es Le | 
Range for K = 9: 750y | Range for K = 9: 1000y | 


Range for K = 9: 500y D 
is ay 





K-Indices | Sum | K-Indices | S | K- Indices Sum | 





| | | 
3243 | 24 | 2492 3242 | | 242) 2233 | 18 | 
2331 | | 1022 2332 | | 111 1221 
2212 | | 12992 92212 | 0211 1211 
1232 | | 2102 2232 | | 2111 1132 
Mia | | 1121 2121 | 1111 0011 
3123 | 2122 3122 | | 2111 2111 
3213 | 2133 3213 1032 3113 
3334 | | 1233 3224 1222 2214 
22 | | Se ee 2221 2112 
2343 | 2111 2243 | 3211 2243 
3331 | Ws 3332 | 1111 2331 
1132 | } 1001 1132 | 0011 1021 
2222 | | Mes imme | Oll1l 1222 
1211 | |} 1211 1100 , 1110 1110 
5655 | 26 | 0022 4765 | 0011 4776 
3656 5332 3556 6332 2467 
4654 | 4324 3553 29 | 6223 3554 
4554 31 | 3443 4554 | 5543 5566 
5554 | 6444 4553 6544 4543 
4555 | 4433 4454 | § 4433 4544 
4312 | 3244 4211 3234 3311 
3543 1333 3432 1333 2433 
3331 3322 2332 2322 2331 
4212 | | 0123 4222 | 1012 3202 
2123 | 19 | 2322 3212 | 2222 2112 
1133 | 2122 2122 2112 1022 
3354 | 28 | 4332 2354 4232 2353 
1233 3221 1233 | 3311 0233 
3334 2322 3334 | 2211 2244 
2231 | 3222 2121 | 3111 2121 
2100 | 3221 2110 | 3221 2101 


nwo 


CeoeADa kr WwW 
CcCmortnrnark WH = 





November 





0012 1132 Olll 
1012 0112 1011 
1011 2322 : 1112 
2211 1112 2111 
2332 3330 2322 
2122 3110 2112 
0121 1121 0111 
001] 0021 1213 1011 
3111 | 3111 0002 3110 
0012 | 0010 0000 0000 
0011 | O0001 2232 0000 
3122 | $3212 3245 2% 3201 
4434 3: 4433 5444 ‘ 4333 
4523 3422 5544 3422 


w= 


w 
Soo Ff WwW b= 


CID Ot 




















347 





K-Indices 


November 1953 (contd.) 





Ab Es Le 
Range for K = 9: 500y Range for K = 9 : 750 Range for K = 9: 1000y 











K-Indices Sum K-Indices Sum K-Indices Sum 





4553 1 oe | 2344 4553 1334 4552 27 
3554 31 | 4432 3443 27 | 5532 3444 30 
3445 25 | 3222 3444 | 3312 2434 22 
3333 24 | 3323 2323 | $3823 2313 
5355 32 | 4433 4354 | 34383 4354 
3454 30 | 3333 3344 3333 2244 
3132 | | 32293 3132 | $3122 2133 
2132s | 1021 2022 | 1011 1022 
3465 | 27 | 2133 3454 1123 3365 
1223 20:\| 32932 129293 | 4232 1222 
2234 ¢ 2322 2224 1321 2124 
1121 S811 titi | 3111 0012 
2229 2122 2222 =~ 2121 2212 
0012 1101 0002 | | 1110 0002 
1001 2112 1001 =| | 2211 0001 
2121 1010 1121 | 1011 1111 




















CORRECTION 


In “The reception of atmospherics at high frequencies” by F. Horner, 
published in Vol. 4, No. 3 of this journal (p. 129) a regrettable error occurred 
during production. The diagrams above the captions to Figures 8 and 9 were 
inadvertently transposed. The diagram which appears above the caption to 
Figure 8 should appear above the caption to Figure 9 and vice versa. 








